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(31 SUMMARY ()
Sm INTRODUCTION (U)

¢) The techniques most commoniy used today for detecting submarines involve the detaction
of sound emilted by or refiscted from the target. However, it is expected that in the future. the
aftactiveness of acoustic sansors will decline bacause of increasingly noisy seas, acoustic
countermeasures, and guiaeter submarines with antireflective coatings. The study described horein
was undertaken 1o segk out, in some organized way, new methods and means for datecting
submarines with particular emphasis on nonacoustic techniques for achiaving search rates of the
order of 1500 to 5000 square nautical miles per hour.

4B) RESULTS (U)

(,8’) This study started effectively at the bottom lina requirement for a high-search-rate sensor
and attempted to work upward through the various phenomena and tachnologies potentially
applicable to the nonacoustic detection of submarines. A “fleld" approach was adopted in which
scoras of possible interactions of the submaring, envircnment, and potential sensor through “tields”
associated with each were examinad and subjected 19 "back-of-the-envelope” teasibiilty
caiculations. The most promising approaches, from the point of view of high search rate, appear to
he those in which a submarine-generated tieid (r.agnatic, Kelvin wave, gaseous contaminant,
acoustic) is probed by a scanning beam of aelectromagnetic radiation originating from a search
aircraft,

{8) CONCLUSION (U)

(ﬂ’) The quént for new large-area search sensors shou Id concentrate on tha remote detaction of
submarine-generated magnatic, Kelvin wave, gaseous contaminant, and acoustic fields.

{$) RECOMMENDATIONS (U}

(¢) A detailed study should be conducted of the varlous magneto-optical pheromenas that are
darivatives of the Zeeman and Faraday effects to determine how they might be applied to the remote
detection of small variations in a waak magnetic fleld.

{£) A study should be performed to delarmine the detaction snvelope as a function of sea state
and submarine size, speed and depth for an ideal Kelvin wake datectcr. The results of this study
should then be usad in a systems analysis to determine the operational utility of the hypotheticai
ideal Kelvin wake detector. If 5o indicated by the studias, development of equipment (which may be a
combination of sensors designed to measure the various characteristics of the Kelvin wake) should

procesgd.

yz An investigation into the remote slectro-optlical detection of gaseous contaminants
praducaed by submarine.. should be conducted. Tha study should cover contaminants that exist in
the form of bubbles in the water, dissolved in the water, and in the air.

(@) -A study should be carried out to determine what ways, if any, are availabie for sensing, from
an airborne platiorm, pressure variations in a submarine-genaratad acoustic field without the need
for an electromachanical transducer at the air-sea interface.
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1.0 9@1 INTRODUCTION (U

/(C’; At prasent the most widely exploited techniquas for detecting completely submerged
submarines invoive the detaction of sound emitted by or refiected from the submarine. However, it
agpears inhat in the future the utility of acoustic sensors will diminish because of (1) the development
of quieter submarines, (2) the instaliation ot anechoic coatings on submarines, {3} the ingreasing
acouatic noise levels of the seas from ever increaging numbers of engine-powared wataer craft and
oftshorg drilling rigs, and (4) the development of acoustic and electromagnetic decoys and sammaers.
Accordingly, in recent yaars, thore has besn renewed interast in the possible developmant of new
types o/ nonacoustic 3ensors to supplement or supplant acoustie devices, with particular emphasis
onaghiaving high area gearch rates.

(U) in tha past, the approach to nonacoustic detaction has heen episodic and sporadic with
many arcane second-order eitects being investigated which offered littie likelihood of success under
even controlled and contrived test conditions and an wven smaller iikelihood of eventual fleet
acceptance. independent Research Projact GC 188 (Program Element 861152N, Task Area Number
ZRO1111) "8ystematic investigation of Potential Nonacoustic Submarine Detaection Techniquas™
wis established on 20 March 1978 to seek out, in some organized way, new ways far detecting
submarines, This invastigation started at the bottom {ing by asking “What does the figet need?"’ anag
"What classes of phanomana and sensors could possibly satisty that need?” The bottom ling in thig
case was a sensor capable of yielding affective gearch rates of 1,500 to 5.000 square nautical miles
per hour against submarines of all typex, dapths and speeds. in most previous investigations, the
starting point has bean some skili of the principal investigator in a Heaid such as hydrodynamics,
infrargd radiometry or magnetiam that was applied to the probiem. In this investigation an attempt
was made to proceed without bias toward any particular technology.

{U} The objective of this investigation was 1o discover and to assesy the teasibilily of new and/or.
hitherto unexploited concents tor tha detaction ol submarines with particular emphasis on
nanacoustic sensors applicable to airborne platfarms. and to identify and prapose spacific prajects
tor fu: ther research and developmont. The approach taken sought not only ta focus attention on
phenomena that arg [ikely candidates for exploitation but aiso to eliminate quickly thosg phenomena
that, aven though technically feasible, would not be operationally feasible and to eliminate
phenomena that show no promise of yielding high search rates.

{U} Initiaily, a matrix approach was proposed as a means for identilying techniques to be
investigatad. This was analogous to the approach taken by Mendeieaev in hia development of the
periodic table of the elemants, which served {o identify previously undiscoveraed chemical alaments.
Along cne axis of the proposed matrix there was *o be arrayed a 'high-resolution spectrum” of the
sciences {physicy, chemistry, biotogy, otc.) subdivided into their respective branches {e.g.,
mechanics, heat, sound, electricity and magnetism} and further subdivided into phenomena {such as
the Zeeman effect, the Faraday effect, the Kerr magnsato-optic effact, the Voigt effect, ate.). The same
spectrum of the sciences was alsc to be arrayed along a second axis to cover cross-discipline efscts
{e.9.. genoration of sound pulses in water by 4 remote puised laser. acoustic modulation of a
microwave baam, etc.). Atong tho third matrix axis, the properties and characteristics of submarines
were to ba arrayed. Each point of intersection wilhin the matrix would than reprasent a potential
technique for detecting submarives which woutd be assessed subsequently for feasibility,

(lJ} The matrix approach was triod but it sgon became evident that there was a staggering
number of possible eftacis and that some kind of prefiltering was required to rander the task
tractable within the constraints of the project. Specifically, means for assigning phenomena
associable with submarines into categories were devised that would permit one to (1) eliminate
quickly thuse phenomena that, even though technicaliy feasibie, wouid not be operationally feasible,
and (2) eliminate phonomena showing no promise of high search rates.
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2.0 Y THE FIELD APPROACH ()
21 {Uy CATEGORIES OF FIELDS

{U) To bring the problem into focus the question was asked: “How do sensors work in
general? Except for the relatively improbabie case »f diract mechanical contact between tha
sansar and the submarine (@.g.. contact mines, noisemakers that attach themselves magnetically to
the submarine hull, arrays of fine flbers or nets suspended in the water 1o which radar reflecting
balloons or chemical dispensars are attached}, all detection techniques can be gescribad in terms of
“tields.” These figlds may be divided into four categories:

1. Generated by the submarine

2. Genaratad hy the sensor

3 Ewsting indepandently but dffected by the submarine

4. Interactive sensor- anda submarine-generated fields.

Each of these catagories will be treated in subsequent sections of this report.

2.2 (B‘ FACTORS AFFECTING SEARCH METHOD AND RATE. (U)

{U) The choice of a matnod tor searching for submarines and the rate at which ssarch can be
conducted depend upon a numour of tactors such-as (1) initial intansgity and falioff rate of the
phenomenon associatud with the submarine, (2) dimensionat aspects of the phenomenan, the
sansor. the space to be searched and of the background noise, and (3) media and intarface factors.

2.2.1 ) inttial Intensity and Faifot! Rate

{U) It1s axiomatic that the sought-for phanomenon associated with the submarine must exhibit
an intensity that Is initially large relative to background noise and fundamaental platform noise in
both the temporal and spatial domaing. Physically quantifiable affects typicaily vary with distance .
from the source as r2 for the case of a point or sphericaily siymmaetric source (e.g., acoustic field), as
r-? {ar a dipole fieid (8.g.. magnetic figld), as r * for the gradient of a dipole field (e g., gradient of the
magnaetic fieidi or as e " {e.g., light traveling through water]. The foregoing considerations affactively
aliminate phenomena that possess other desirable dimensional, media and interface attributes. An
example of the iatter 13 the dipole gravitational field anomaly of a submarine which, at a distance of
500 maters, is so smali that a 0.4-um vertical dispiacement of the sensor in the earth’s gravitational
tield would produce a Spurious “signai’ equivaient to that fram the submarine,

222 (8f Dimensional Aspects (U)

{U) Other important factors related 1> potential search rates are the dimensionat aspects of the
fialds invoived. Fields generated by the submarine may exist andfor propagate in one, two or thrae
dimansions. Examples of one-dimensicnal affects are the agsentially line-like trails of contaminants
(8.g.. zinc and copper tons) and turbulence produced by a moving submarina which persist at the
depth at which they were generated. See figure 2.1, )

Exampies ot submarine-generated effects that propagate in two dimensions are the V-shaped
pattern of waves (Kelvin wake} that spreads out in a honizontal plane on the ocean surface ‘
{figure 2,2) and the array of bubbies that rise at difterent rates behind 3 (moving) submarine in the
form of a vertical plana in the body of water (tigure 2.3).

Examples of thres-dimensional etfects are the magnetic, gravitational and acoustic fielgs
producsd by the submarine. See figuras 2.4. 2.5 ang 2.6, ‘
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(U} in a ralated manner, SQNSOIS Can Oparate in zero, one, two or thrae spatial dimensions. A
simpia (single-hydrophona) sonobuoy and a statlonary magnetomster (8.9.. in a2 magnebuoy) are
point (zero«dimensional) sensors which, of themselves, have no outreach capability. (The
submarine-generated fieids must came to them.) A magnetometer in a moving aircralt may be
considered as oparating in one dimension, with detaction by it depending upon whether the line that
it describes panotrates the three-dimensional magnetic anomaly of tha submarine. Examples of
two-dimensional sensors are the passive imaging devices such as conventional television, forward
lgoking infrared (FLIR) and photographic cameras. (Here it may be argued that these sensors
intgrrogate a three-dimensional volume but ¢ollapse it to a two-dimensional image.) Examples ot
threa-dimansional sensors are range-gated active tetevision, optical radar and stareoscopic
cameras.

Another dimensional aspect involves the spaca that must be svarched to detect a
submarine-genaratad offact. For example, to detect nongaseous contaminants (such as zing or
coppar lons), which would reinain essentially at the {unknown) depth of tha submaring that
produced them, would require a search in three dimensions within the body of the watar. On the
other hand, it a submarine weéra to produce contaminants that would rige to and remain at/noar the
air-water interfaca, a search need be conductsad in oniy two dimensions.

223 (U) Media And Intarface Constraints

() Anocther signiticant factor affeoting search rate I8 the medium (or media) {air, or water, or
both) in which the submarine-ganerated effect uxists. Bacause the density of water is about 800
times greater than that of alr and its viscosity is aboul 58 tirnes greater, drag forces Himit the speed at
which it ig feasibie to move a sensor through water to a small fraction of tho speed feasibie through
air, Accordingly, in the interest of high search rates, primary attention shouid be given to
submarine-ganerated effects that are detectable by airborno sensors,

{U) Another important consideration is that most fieids that exist comtfortably in one medium
{c.g., saa watar) do nof couple wetl into a second medium (e.9., air} because of interface loases,
transmigsion logses, or both. Notabie excaptions to this rule ara the static magnetic and gravitational
fields of a submarine which are essentially indifterent to whether the surrounding medium is air or
water. A second exception is the Kelvin wake which axists at {and because of) the interface batween
air and water. On the other hand, electramagnaetic radiation over quite wide trequancy bands
propagates very well through air but very poorly through sea water except at extremely low
fraquencies and within a narrow band in the visible part of the spectrum. Sound (particularly at low
frequencies) propagatas very well through water and fgirly well through air but, because of a4.4 10 1
mismatch in the speeds of propagation in the two media, very littie passes from one to the other
uniess some kind of impedance matching “transformar” brigges the interface.

23 {U) DESIRABLE ATTRIBUTES OF SUBMARINE-INDUCED PHENOMENA

{U) The object of the quast for phanomana applicable to submarine datection sdaauy should
possess the following attributes:
. always neeurring
. diract coupling with the submarine
. distingtive signature
. Quantitative understanding exists
. immunity to countermeasures
. provides a positiva indicalion of the exact pregent position, heading. speed, depth and class
of the submerged submarnine
. can be coupled with a ramote sensor
. no expendables required.
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{U) Some potentially expleitable phenomena accur ragardiess of the environment and othars
are critically depandent upon the vagaries of the environment. For example, a moving submarine will
always produce acoustic noise and a turbulent wake; on the other hand, certain other phenomena
raquire the submarine to operate in or near a region of large density gradient or in a ragion where
certain biclogical organisms oxist. v

(U} Some gtherwise desirable phenarmena, for example, long-lived wake effects, are only
weakly coupled to the submarine that genaerated them. There is {ittia advantage to detecting a
portion of a waka that may be three hours old uniess thete is some confidenge that the wake Is
essentially continuous and that the othar end is atill “attached" to the gubmarine.

(U) Certain typas of submarine-ganerated phenomena differ from natyral background
phenomena only in degree whereas others differ in spatial configuration or in kind. Obviously, the
more distinctiva the signature, the better.

(U) Predictability of submarine-genarated effects stems from a quantitative understanding of
the phanomena invoived.

(U) Cartain types of submarinesinduced phanomena can be turnad off quite readlly by a
submarine threatened by detaction. Such simple countarmeasuras might include changing depth to
avuid passing through a fleid of bioluminascent organisms or to avold ganerating internal viaves at
the pycnocling.

{U) By considaring factors such as the foragoing, one should be able to identify and eliminate
potential tachniques that show little likelihood a” developing into operational sensars and to focus
attention on those that possess the attributes necessary (or fieat acceptance.
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3.0 (57 “FIELDS" GENERATED BY THE SUBMARINE (U)

{U} Figure 3.1 illustrates a generalized situation of a passive paint (zero-dimensional) sensor
immersed in a field produced by a submarine. in this drawing, the air-water interface is not shown 1o
allow for the possibilities that the submarine may be on the surface or submerged and that the
sensor may bae above, at; or helow the Interface. The submarine may be at rest or in motion,

3.1 (2f SUBMARINE AT REST (U)

(pf 1 the submarine Is at rest, it may produce the tollowing fields:

1.

X WYL

Steady magnetic tield

. Steady electric figid
.- Gravitational flald

Nautron field

. Gas bubble tieid

Fiold of dissolved non-gasenus chamical contaminants.

PASSIVE
SENSOR

g (UNCLASSIFIED) ,
Figure 3.1 (U} Passive Point Sensor In A Submarine-Generated Figid
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314 yzf Steady Magnatic Fietd {U)

2} Steady magnetic fields originate from the “permanent” and induced magnetization of the
ferromagnetic material constituting the hull of the submaring and from galvanic covrosion currants
fiowing through the submarine and the surrounding water. A submarine may deveiop a “'permanent”
magnatic moment as a resuit of long-term alignment with the earth’'s magnetic field (e.g..ina
shipyard during construction or while berthed in a dock). Permanent magnetization s enhanced
if, while the submarine is aligned with the earth’s field, its hull is heated or is stressed through
vitrration, mechanical shock or submergence. {From the point of view of reducing their magnetic
momaents, it may be desirable to construct and barth submarines in an east-west orientation.) The
{erromagnetic material of the gubmarine (even if it is not "parmanently” magnetized) aiso distorts
the earth’s fairly unitorm magnetic fieid. This gistortion can be described ag if it originates from a
temporary induced magnetic field produced by the submarine, The anomaly in the carth’s magnetic
field produced by a submarine 1s a function of its orientation; its magnitude is greatest for a
north-south alignment. For purposes of computation, a “"standard”” submaring is generally
congidered tu behave as a magnetic dipole having a representative moment of about 1.4 »x 108 A -m?
= 1.4 x 10°® gauss-cm? = 5,000 gaugs ft* = 5 x 10% y-ft% Current oparational magnetic anomaly
datecting equipments exhibit an internal-noise-limited sensitivity of about 10" tesia = 107 gauss «
10-% nT = 10-*+. Because the field ot a magnetic dipole varies invorsely as the cube of distunce. this
typs of sensor must peneirata into the iagnetic Held of the submarine 1o a distance of less than
about 1,100 meters {3,600 ft) from the submarins in order to detect it. it the sensor could he made to
operate at this sensitivity lavel in a 225-knot, low-altitude aircraft, it would provide an area coverage
rate of about 270 square nautical miles par hour, which is an order of magnitude less than that
desired for a search sensor. The magnetic anomaly of a submarine can be reduced by passing large
current. through “degaussirig” coils or by constructing it of nonferromagnetic matarial.

Another source of a steady magnetic fleld from a submarine ig that arising from gaivanic
corrosion surrents. The bronze propetior forms ths positive tarminal and zine biocks gttached to the

steel hull (1o protact the hull from corrosion) form the negative terminal of a galvanic caell whan they -

ara immersad in sea water, producing an electromotive force of aboul ona voit. The positive terminal
is shoart-gircuitod to the hull through the propetlor shaft and its bearings, rasulting in currents ot 10

"to 100 amperes Hiowing through the fow-resistance path of the submarine and the surrounding

water. Because of random variations in the degree of polarization of tha alectrodes as a tunction ot
time, thase iarge steady currenis are noise modulated. For 4 shallow submarine the current
distribution in the water is unsymmoetrical in the vertical plang and produces a horizontal megnetic
dipote whose north-ieeking pole is on the port side of the submarine and its south-seeking pale is
on tha starboard side, if a4 parfectly symmaetrical current distribution shouid exist around the
submaring, the magnelic field outside tha current distribution would be zerp.

3.1.2 sﬂ{ Steady Elactric Fieid ()

(¢§ The electromotive force of gaivanic origin described above produces a steady electric fieid
in the vicinity of the submarine. In addition, submarine-gonerated temperature gradients {section
3.2.6) and chemical concentration gradiants {saction 3.1.6) in the water produce weak alectric fields.
These alaectric tieida, which are essentially confinad {o the water, are detectable by means of
elactrodes immaersad in tne water. Thase phenomena dao not tend themselves 10 a large area rapid
search sengor,

3.1.3 (U Gravitational Field

(U} In aceordance with the law of universal gravitation, every mass particis produces &
gravitational field that varies inversely as the square of the distance from the particle. Since a
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submarine has mass, it produces a gravitational field. Untortunately. such gravitational effects are. at
best. very small. in addition. a completely submerged. nautrally buoyant submarine dispiaces a mass
of water equal to ity own mass and therefare no first order etfect is produced. However. bacausa the
distribution of mass within the submarine is nonuniform, second order effects may be produced.

{U} To provide stability, a submarine is designed such that its center of mass lies below its
center of buoyancy. Because of the greater concentration of mass below and lesser conceantration
above, a submarine behaves gravitationally as a vertical mass dipole. The magnitude of the -
gravitalional anomaly Ag a distance r directly abova the submarine is given by

206
Ag s ..-Ei_&

in which @ ig the universal gravitational constant and u is the gravitational dipole momeant, if the
submaring is approximated as a neutrally buoyant cylinder of 8.4-m diameter and mass 7.12 x 10 kg
(7,850 tona), and 55% of its mass is distributed uniformly throughout its lower half and 45% is in its
upper haif, its gravitational dipole moment 4 = 1,19 x 10¢ kg -m and, atdistance r = 100 m,

L 2.x B.67 X 10" N-milkg? x 1.19 % 10 kg-m _

-t 5 ~1¢ mig?
T 1.58 x 10 r/s?,

g =

(U) If the gravitational sensor is to be employed on an aircraft, attention must be directed
toward the "'noise”™ ganerated by movement of the sensor. The variation in the acceleration due to
gravity g with distance from the center of the oarth ry is

fy . _ 20, 2x98imis? e
dre fu 637 % 108 m 3.08 »x 10852,

The change in sensor altitude dr, that would produce a spurlous “signal” equal to the signal from a
submarine at a ranga of 100 m is therefore .

—1.50 » ~16 2
dry = :ébg;x?wo':{? =518 x 107 m = §1.6 um,

That is. the sensor must be stable or compensated to less than 51.6 xm in altitude if a detection
range of only 100 m is (v by achieved. This subject is treated in greater dotall in reference (a). t does
not appear worthwhile to pursue the concept of gravitational detection of submarines.

3.1.4 {21 Neutron Field (U)

(?5 The leakage of neutrons from the reactor of a nuclear submaring can be dotected baneath
its hull either directly or by means of radieactivity induced in the sea water. Radicactive isotopas of
sodium and chiorine are produced which have half lives of the order of an hour. Detection can he
accomplished either by towing a gamma ray countar through the water or by taking water samples.
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congentrating them by bolling, and cd\:ming the gamma ray emissions. Tha probability of

intercepting a smali region of induced radioactivity by a zero-dimensional {point) 3ensor or sampier

is very low: this approach does not lend itsalf to search.

315 y€) Gas Bubble Figld (U)

{f} A submarine may introduce into the surrounding seawater a variety of gases which will rise
in the form of smail bubbles having diameters of the order of a centimetar of less. Tha size of any
given bubble as it rises dapands upon & number of compaeting offacts: decreasing pressure and
increasing tomperature tend to increase its 8ize and the dissolving of the gas tends to reduce its siza.
If tha net effect is an increase in size as the bubbles rise, they may grow so large as to become
unstable and thus subdivide repsatedly into smalier bubbles, The larger bubbies rise at greater rates
and have a smaller ratio of surface area to voluma ralative 10 the smaller bubbles; therefore a largar
portion of the gas contained in the larger bubbles will arrive at the surface. The gases introduced
into the water may include air that attached itseif to the exterior of the hull while the submarine was
on the surface, or air laaking from the interior of the submarina, If the submarine generates
breathing oxygen for the crew by the alectrolytic decomposition of water, hydrogen gas is produced
as a waste product, which must ba alimtinated continucusly or Interimittently, The oxygan
consumption of a man at rest is about 0.5 liter/minute. Bacause in the slectrolysis of water two
molecuies of hydrogen are produced for each molecule of oxygen, one liter of hydrogen is produced
per man per minute. if the crew consists of 120 men (all at rest), hydrogen wiit be produged and
ventad at an average rate of 120 litars/minute (4.24 cu ftmin) relerred to standard temperature and
pressure. Another source of hydrogan and oxygen is the electrolysis of water by the paivanic

corrosion currents described proviously. It a currant of 10 ampaeres is flowing, the rate of libgration of

hydrogen gas is no greater than

SN Y :g‘(':‘%lmole e ™ 3.1 x 10" molecuiss/s = 0.07 liter/min,

Oxygen is liberated at haif the hydrogen rate, Even it the corrasion current is 100 amperes, the rate of
evolution of gas (hydrogen and oxygen) by this mochanism is less than one percent of that from the
oxygen generator,

} Ancther gas that is produced on the submarine and which may be vented (o the ocean is
carbon dioxide. Through respiration, the crew will produce this gas (afong with water vapor) at a
lowar voluma rate than it consumes axygen (about 60 liters per minute). Batause carton dioxide is
about 80 times more voiuble than hydrogen in water and because natural sea background
congentrations of carbon dioxide ars much greater and much more variabie than concentrations of
hydrogen, its importance to submarineg dete~tion appears to he less than that of hydrogen,

(¢) Gases in tha ocean may be detected aither as a column of rising bubbles (i.e.. by physical
meang) or as a dissolvad contaminant {i.e.. by chemicai means) in the water. Undar cartain
canditions of relatively shailow spurce depth, a major portion of the emitted gas will enter the
atmosphere and form an alongated trall under the influence of the wind. For the paiticular vase
being considerad here (a passive sensor and a submarine at rost), tha gas will exist in the form of an
assantiaily one-dimansional column that may extend beyond the surface for which search witha
zaro-dimensional sensor would provide a low probability of success.

318 1525 Nongaseous Contaminant Fleld {U)

(¢) A submarine also introduces inta the water nongaseous contaminants such as zing ions
from the eloctrolytic corrosion processes discussed earlier and copper ions from the antifouling
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paints. Becduse the same electrochemical processes are invoived with zinc as for tha hydrogen

produced through galvanic corrosion described eariier, it can be expected that t* ~ number ot Zn** -

1ons gang into solution will not exceed the humber calculated previousty for thé r..aximum number
of hydraggen {H,) molecules liberated from the water. For a current of 10 amperes, theratore. Zn*-
iong willt be produced at a maximum rate of

3.1 < 10" ionsg/s = 5.2 x 107 moles/s = 3.4 = 107¥ gram/s = (.20 gramy/min,

The naturai background concentration ot Zn* in goa water ig about 0.01 mg/iter. For a gubmarine at
rest to produce an increase in Zn~* concentration equal to the background level in a volume of water
equa! to its own volume would require it to remain in the same location for 5.7 hours. The natura!
background concentratian of Cu*~ of about 0.003 mg/liter is somewhat mare tavorable for the
detection of smatl increments but su!. inpromising. h

32 (P SUBMARINE IN MOTION (U)

{Z} ¥ the submarine is in motion it will produce not oniy the “tieids" discussed previously but
aiso the following additional “fields":
. Time-varying electric field (coirosion, motional)
Time-varying magnaetic field (corrosion, motionat)
. Stray 50/60/400-Hz electromagnetic teid
. Kelvin wake
Turbulent wake
Thermal wake
Gasaous contaminant wakg
.- Nongaseous contaminant wake
. Hydrodynamic pressure field
. Acoustic {pressure, displacement, velocity} field
. Electromagnetic radiation {radio. radar, infrared, light, gamma rays)

-

3.2.1 (&) Time-Varying Electric Field (U)

(55 Time-varying alectric fields can be produced by modutation of the gaivanic corrosion
currants described previously and by motiort in the earth’s magnetic field ot the gubmarine and the
water in its wake. Corrosion currents may ba maoduiated at the propelior rotation frequency because
of smail variations in electrical resistance between the propellor shaft and its bearings as a function
of the shaft's angutar pogition. Because these variations are “'spikey,” the modulation is rich in
harmonics.

(# Modulation may alse occur at the “biade rate” (propallor rotation frequency times the. -

number of blades 9n the prapellor) owing to periodic variations in the length of tha path between the

blades and portions of the submarine hull. The modulatad currents themaeives may aiso be
moduiated at the swall and wave encounter frequencies.

{#) Because large alectric currants pass through the hull, smali changes in resistance of tha hull
may produce time-varying electric fields. Such resistance changes could be caused by vibration
from on-board machinery, rattling hateh covers and perhaps even loud sounds within the
submarine.

’ (p) Time-varying electric fields from a submarine can be measured by measuring the potentiat
diffarences betwaen pairs of electrodas placed in the water.

(y) Because submarines and sea water are glectrical conductors. their motions through the
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aarth s magnetic field will give rise to local electric field anomalies, i the vertical component of the
earth’s magnetic induction is B, the width of the submarine 1§ w and its spaed Is v. then. from
Faraday's taw. lthe emf 7 generated across the submarine is )

E t=Bww

For a 10-knot, 10-meter wide submarine in a field of 0.5 x 10-*tesia, & = 2.6 mV, which ig less than
4 ona percent of the omf trom galvanic corrosion and therefare not of graat significance.
. Tha motion imparted tc the water by tha submarine may take a number of forms such as
turbulence. vortices, surizvy waves and internal waves which may parsist tor significant times. To
get some idea of the mag:tudes of the fields involved. consider the submarine-generated surface
wave case. To a first app -oximation, the magnitude of the siectric fiald strangth E along the
transverse waves of tha Kelvin wake is given by

. E= Bv.
* {These waves propagate at the speed of the submarine.} Therefore, for a 10-knot submarine,
: E = 2.6 x 10™*V/m. Fislds ot this magnitude should be readily measurable with electrodes immersed
~ in the water. However, distinguishing submarine-generated effects from natural background noise
would be challenging. Furthermore, there appear to be better ways for detecting moving water.
gﬁ»’ 322 (# Time-Varying Magnetic Fieid (U)
N ¢
p ' (¢) Time-varying magnetic fields are produced by the motional em? currents and the modulated
“ corrosion currents discussed above. Consider first the magnetic field from a single Kelvin wave. For
4 soa water of resistivity p = 0.25 ohm -m, the current density along the wave is
- . 28x304Vim 3 A frnd
j=Elp= ~Basormm = 1.03 x 10 A/m2,

if the wave ig assumad to have a cross-sectional area of 1 m?, then the current it will carry will be
1.03 mA. The magnetic induction B that it wili produce 8t a range of r = 10 ms

L LBl  2x107WoA-mx 103 X 10704 ™ 5
; B Sr T0m 2.1 % 107" Whim ‘

¢ = 2.1 x 10°7 gauss = 0.021y.

- This would be barely detectable by a current figet gperational airborne magnetometer aperated at a
o very low alfitude of 10 m undar conditions of very low sea state. There are better ways for detecting
- waves (e.g., visually). '

(@) Consideration has been given to the possibility of detecting submarine-generated internal
waves by use of magnetic sensors. This appears tutile tor a number of reasons. (1) There is a low
joint probabiiity that a targe density gradient will exist and that the submarine will be operating
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in dear st (2) Tha internal wave generaling efficiency of a normally ¢perating submarine is very iow.
and 13} The very .iow movement of the water in an internal wave field interacting with the weak
magr ‘ic field of the aarth will yield very small currents and correspondingly weak magnetic effects.

, From the point of view of time-varying magnetic effects produced by modulated corrosion
currents, a submarine may be considered as a horizontal alternating electric current dipole. Assume
that the total gaivanic corrosion current.is 25 A and that most of this is confined to the aft half of a
100-m {ong submarine. Assume furthar thiat propalior shaft rotation produces a 1% modulation of
this total cureent. Thus, the alternating current moment of the submarine will be

idl = 001 x 26A x 0.5 x 100 m = 125 A-m.

From the Biot-Savart iaw, the contribution to the magneatic induction along the perpendicular
bigsector of the dipole atarange r = 1kmiis

. . . .
aB = ‘% -2 WD”’;OT ,:512'5 A . 1.25 x 107" testa = 1.25 x 10-8 gauss = 1.25 x 107 y.°

This is small compared to the magnetic induction at the same range from the ferromagnetic material
of the “stindard” submarine discussed previcusly. However, thera may be advantages to this
detection approach bacause the signals may be more readily distinguishabile from nolse because
thair fundamental frequency witl equal the submarine’s propellor shaft rotational rate and because
the maghitude of this affact varies inversely as the square of distance whereas the eftects of
farromagnaetic origin vary inversely as the cube of distance.

323 U?.') Stray 50/80/400-Hz Electromagnetic Fieta (U}

(yﬁ Alternating current at frequencies such as 50, 80 and 400 Hz is used typically aboard
submarines tor ship's service motors of less than 25 horsepower. Some of these currents may leak
into the h Il of the submarine and give rige to time-varying external magnetic fields. it appears. -
however, ihat in a properly maintained submarine, such hull currents do not normally exist-and
theretore 8 method of detection based upon this effect would yield a low probability oi detection.

3.24 (@) Kelvin Wake (V)

() A submarine passing through a body of water produces a pattern of waves cn the surface
that is called a Kelvin wake. See Higure 3.2. The wavelength of these waves and. to a first
approximalion, their amplitude are proportional to the square of the speed of the submarine. The
amplitude increases with ingreasing submarine size and decreasas exponentially with increasing
submaring deplit, For a submaring traveling at constant velocity, the wave pattern is contained
within a triangular envelnpe whose vertex is over the submaring and which forms an angte of
approximately 39°. The amplitudes of the waves along the center line of the wake vary inversely as
the square root of the distance from the submarine, An example of a class of passive sensors that
could be inserted into the Kelvin wave tield is a wave tuoy that could measure water surface
displacemants by any one of a variety of methods, An array of such buoys could be used to obtain
directional wave spectra. The buoy approach does not iend itself to large area searcn: the detection
of Kelvin waves by mora practicable means is coverad in section 8.2,

Ui In thig calculahon the magnere sifects of the retuen path curroms rough tha ses wiltar hava bedn ignored, Thage
aftects will tand to act in the opgasite dirgction and 10 recuce tha overatl elfgct relatve to that caicuiated hare
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3.25 (7} Turbuient Wake (U)

(9.’) A signiticant portion of the energy doveloped by a submarine’s power plant is dissipated in
the form of water turbulence which tends to be contined to a cylindri¢al tube of about 20-m radius at
the aepth of the submarine. This turbulence may continue to exist, at levnls exceeding normatl
background valuas, for periods of several hours atter passage of a submaring. This typa of wake may
be considered as a ane-dimensional field in three~-dimensional space, Searching for such a
phenomenon with a zero-dimensional (point} sensor would yield & low search rate and a low
probabitity of detection. if the submarine’s depth is about 20 m or less. the turbulent wake may
intersect the surface. In this spacial case the probability of detection is enhanced insofar as one
naed search in only two dimensgions (vice threae) for this one-dimensional field. Passive point sensors
of many types can be used to detect wake turbulence, Thase include sensors that are moved
mechanically through the water to detact micratluctuations in its tamparature, pressure, index of
rofraction, sound propagation velocity, or heat absorption rate. Because such sensors must be
ingerted into the wake, they do not yield high search rates. However, for detecting the surface
axprassion of turbulent wakes generated by shallow submarines, indirect methods such as passive
infrared (tharmal) imaging can be used to enhance search rates. in this case, an imaging davice that
can scan {the sea surface) in two dimensions is used to seurch for a one-dimensionat wake in’
twa-dimengional space. Infrarod line scanners oan detect both tamperature changes in the wake .
(e.g., from the movement of cool subsurface water to the surtace and the reordering of naturally
axisting sea surface tharmal patterns) and emissivity changes (e.9., from a smoothing of the water
surface in the wake). The persistance of turbulent wakes generated by shaliow depth submarines
and detectable by infrared line scanners is given in reference (b) by the eampirical relation
T =120 6" % in which Tis the mean parsistenco time in minutes and S is the sea state according to the
Naval Ocesnographic Office Code. The detectable wake length L is tha product of the submarine speed v,
and the persistence time. For L in nautical miles and v, in the knots, L = 2,0 v, ¢*%%, Thus tora
submarine speed of 10 knots and sea state 1 the mean detectable wake length wouid be 7.4 nmi. if all
wake ariantations are equally probable, the average component of wake length perpendicular to the
direction of travet of the search sensar wouid be 2/ times this length or 4.7 nmi. If it is assumed that
the infrared scanner provides a sweep width of 1 nmi and that interception of a 0.4-nmi portian of the
wake is adequate for detection, the sensor would provide an effective sweep width of 9.9 nmi. An
aircralt speed of 250 kn would therefora provide an effective search rate of about 2,500 nmi* per
hour. A more general expragsion for the effective area search rate Ay in nmi¥/hr is

8 v, h #
Ay = lﬁ + mtan B 0.51]\#.

in which v, is the search aircraft's speed in knols, h 1s s aititude in feet and ¢ 1s the total tateral
anguiar fiald of view of tha infrared scanner. For a typical value of # = 120° and an assumed aircraft
altitude of 2,000 foet (to remain hatow the claud bage) the minimum araa search rate goal ot 1.500
nmi¥hr can be achieved or exceeded, for sea state 1, if the condition

Vo [V ¥ O.BB} w 1,630

1§ met. Thug the 1,500 nmi*hr search rate goal £ould be achieved tor shallow depth submarines
uhder conditions of tow sea state for various combinations of reasgnable aircratt and submarine
spoeds.
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3.26 (£} Thermal Wake (U)

(ﬁf All of tha energy developed by a submarine's power piant s degraded eventually into heat. A

B ”," submarine developing 25,000 shaft horsepowar imparts machanical énergy to the water at the rate ot
o : 18.6 MW, if the powar piant i3 25% efficient, an additional amount of power P = 55.8 MW is imparted
v to the water directly inthe form of heat, if only the latler heat is assumed 1o raise unitormly the

temparature of an 8.4m diameater {d) cylinder of water astern a 20-kn (speed v = 10.3 m/s)
submarine. the increase AT In water temperature will ba

I : 4P 4 %568 x 10°W
' TED b = =
AT wdipve wx 8.4 m? x 1030 kgim? % 10.3 /s x 4186 Jikg K 0.023 K.
,,;., In the abnve expression, p is the density of sea water and ¢ is its spacific heat capacity.

%) Daspite the large rate of heat intlux, the rise in water temporature is surprisingly low; so low.
P in fact, that littie upward movemont of the heated watar can bg expected. (That is, in ocean waters
o taving a typical vertical temperature gradient, the heated water may risa less than a meter before it
comas into thermal equilibrium with lts surroundings. in isotharmal water, viscous drag forces
would inhibit vertical motion of the heated water.} Thus, i haated water from a submarine is to'be
detected, it must be done at/near the dopth of the submarine itself. Bocause the axpacted
tomparature rise is comparabie to the natural variations in sea wator temperaturg and hecauss
o~ dragging o sensor through the water would yield low search rates, this approach to dotection does
not appear promising,

() Because sea water is an jonic solution, an electric potential difference will develop aciots
the thormai gradient between the warm wake and the cooler adjacent water. Electric currants witl be
produced and a woak magnetic field will result. it is expected that the magnetic field resulting from
the warm wake will be unusably smail.

-

327 (%) Gasoous Contaminant Wake (C) ‘ -

s (¢) The evolution of gaseous contaminants by a stationary submarine was consigered
previously, The effect of forward motion ot the submarine is to extend the ona-dimensional vertical
column of rising gases to a two-dimensionai vertical curtain of bubbles and dissoived gases,
provided that there is a significantly wide distribution of bubble sizes and therefore rise ratos. The
trail of dissolved gases ¢ould he detected by towing a zero-dimensional {point) electrochemical
sensor through the water at any conveniont shailow depth. The curtain of bubbies could be detected
by active physlical means such as the scattering of sound or light, The ramote detection of bubbles
by the latter means wiil be considerad later under lield-ficld interactions.
1§ 1t follows trom the earlier discussion of contaminants that the most likely candidate for

= detoction Is hydrogen. For present purposes of calculation, assume that a 200-foot deep, 10-knnt
i submarine is releasing hydrogen continuously at a tate of 120 liters/minute {reckoned under

. conditions of standard temperature and pressure} and that all of the gas dissolves in the water as it

rises. Assume furthar that the hydrogen is distributod unitormly in a vertival siab of water one
submarine diamater wide (taken harp as 8.4 meters) and 200 feat (81 meters) thick, Since tha
submarine travels 309 maters in one minute, the concentration of hydrogen in this siab will be

s

120 iiters/min
8.4m = 61 m « 309 mmin

= 7.8 =« 10 *Hitars/mY < 7.8 « 10 * mil

il
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which, in caim seas, cowid remain quite constant and coherent for periods of several hours bacause
of the iow ditfusion rates in liquids. This concentration is about 50 timas greater than the normal
ambient concentration of hydrogen in sea water and well within the range of sensitivity of
electrochemical sensors using polarographic techniques or operating on the principis of a hydrogen

~fuel cell it appears that the principat grasure mochanism tonding to destroy the coherance of the

trali of dissoived hydronen would he current shear in the water whose magnitude and frequency of
occurrance ara not well known at present. For a sample calculation, it it Is assumed that the trail of &
10-knot submarine remains dotactable and recognizable for throe hours, the average effective
projectad length of the trail would be 2/w x 3 hrs x 10 nmi/hr = 19,1 nmi. if the sensor can be towed
through the water at a speed of 30 knots, an area search rate of 573 nmi‘/hr could be achieved. If the
sansor is towed from a ship, care must bo exercised toavoid the molecutar hydrogen introdusod into
the water from the gaivanic corrosion of the towing vessel,

3.28 (Z) NONGASEOUS CONTAMINANT WAKE (€

(g’)‘ Nongaseous contaminants such as zinc and copper discussed earliar will form a
ane-dimensional line-like trall behind a submarine that will tend to remain at the constant depth of
the submarine. An eariier calcuiation yisided a represemtative rate of Zn** production of
0.20 gram/ min. If this 18 distributed uniformly within a cvclindrical volume having a cross-sectional arga
equal 1o that of a submarine (takon as 55 m?) traveling at 10 knots, the concontration ot Zn** would
be

0.20 gimin
58 m? x 309 m/min

= 1.2x 107%g/m* = 12 nyfliter

which ig only about 0.1% of the natural backgraund lavel,

(Uy The detection of contaminants in a wake that ramains at the depth of tho submarine does
not fend itself to large area rapid search because it involves moving a zero-dimonsional sunsor ar
sampler through a three-dimensional space in the search for an essentially one-dimensionat target.

3.2.9 {}Z') Hydrodynamic Prossure Field (LY

Ué} The movemant of a ship or submarine through the water can produce local time-depondent
variations in pressure. in shaliow waters such as ship channels and harbors, bottom-mountad
pressure sensors can detect the passage of a vessel and have tesn used to actuate axplosive mines.
This phenomenon does not appear to be of value in a search mission.

3.2.10 () Acoustic Fieid {U)

{U) An extremely small fraction of the total power daveiopad in a submarine 1s adiated as
sound; that is, even though the power developed by a submaring’s sngines may be of the ordor of 10
magawatts, only about 10°7 of this is emitted ns sound. To a tirst approximation, a submaring may be
considerad as a point sourgg of sound whose powar cutput ranges within a fow orders of magnituge
of one watt dapending upon the speed, depth, type and mode of aperation of thg submaring, The
noise spectrum conaists of a continuum ol propelior {cavitation) noise and flow noige upon which
linas corresponding to harmonics of the rotational rates of the various pieces of machinery are
superimposed. The power radiated par unit bandwidth in the continuum varies inversely as
frequancyauch that more than 958% of the radiated powar is emitted at frequencios of less than
1 kHz. Because watar is extremely transporent o sound ond because sound sensors of except al
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sensitivity (including the human ear, with its sensitivity of about 10°** Wicm?) are available. a moving
submarino generates an acoustic fieid which may be detectabie at ranges ot many tens of miles.

{U} Sound may be detected by sensing variations in the macroscopic propertios ot pressure,
density, termperature or index of refraction of the medium, or the micruscopic propiriies of
displacement, velocity or acceleration of the molecules. if it is assumed that a submarine radiates
sound as a simpio omnidirectional point source in 3 homogeneous, isotropic, nonlossy, unbounded
medium, the intensity lata range ris

whare P is the radiated power.
The rms acoustic pressure p i3 given by

p=(pgct)

in which p, Is the mean density of the propagating medium and ¢ Is the spesd of propagation.
The rms displacemsnt x of the molecules is

SR + .
2wt

in which { is the froguency.
The rms velacily v of the moleculas s given by

R
€
and thy rms aceeloration d is
2nfp
D
e

The roas  Jensity variation p is

¥y
» "*‘E‘;E = Ee

in which B 1s tho bulk modulus of elasticity of th medium.
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(yf) Insofar as thig study 13 concurned with the nonacoustic detection of submanings, a detailed
discussion of prosent acoustic detection techniques would be beyond the scape of this report. The
toragoinig discussion has buen provided 1o sel the stage for subsequent discussions of
“nunacoustic’” detection of acoustic fields. Such “nondacoustit’ techniques would include opticat
detaction of index of refraction fluctuations associated with periodic changes in the density of the
medium ihrough which sound waves are passing, and misrowave detoction of the periodic
digptacemant of itg surface by use of Dapplaer radar tachniquas. It is unlikely that a “nonacoustic™
point (zero-dimensional) sensor could be devoloped that could compete on parformance and cost
bases with convantional acoystic sensorg that amploy electramachanical ransducers 1o sense
pressure variations asgociated the acoustic field, A possible advantage of “nonacoustic’
approsches would be the abllity to datect the acoustic tield ramotely without the need for placing
transducers in the water, 8uch approaches will be discussed undar the heading of interaativo
gonsor- and Lubmarino-ganeratod fiolds, ;

3.211 (£ Electromagnetic Radiation (U)
{#£) Asubmarine may emit radiation in discrete intervals aver most of the eluctromagnatic

spoctrum ranging from the cxtramely low froquency (ELF) radigtion resuiting from the modulation of
corrasion currenis discussed praviously to gamma rays emitted from & nuclear roactor, At

intoriediate {requencies are radiu waves from communication and navigation devices and glectrical |

machinary, minrowave radlation emitted by radurs, infrared radiation emitted by the hull by virtua of
ity finite tamperature, and visible light from dollbucate light sources and fram bioluminascunt
organisms that may ba clinging to the hull, Unfortunately (from the submarine detection point of
viaw,, sea watur ig 4 rather hostite environment for electromagnuatic radiation. Figure 3,3, which was
adapted trom reference {c). is a plot of thue attenuation of slectromagnetic radiation in soa wulor usa
tunction of frequoncy from 10 to 10% Hz.

Note that in anly two portians of the spactrum, namely, in @ narrow region about 6 < 10“ Hz (the
visibie Lght band) and at fregquencies leas than 10° Hz, dous the attgnuation drop to less than 1 dB
pat nieter. At wavelengths near the cantar of tho vigible bund, the attenuation by sea water ranges
from about 0.1 to 1.0 dli/m. As indicated In figure 3.3, at the tow frequencios the attenuation
decraases as the square root of froquoncy. In this section of the report wo dre cancerned only with
tha passivo dotection of submarine-gonoratad flolds, i1 normal opueration a completely submarged
submuring cannot be expaectad to be a significant sourco of light. The poasibility of detecting
submaring-ganerated extromoly low fraquency radiation has been discussod in conpunction with
tima-varying efoctric and magnotic Heids arising feom moduiatod corrasion currents.
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40 (f) "FIELDS" GENERATED BY SENSORS (U)

(52’) In this section are cansidered the various types of fields that can be generated by an active
. sangor which can, in principla, interact with a romote submaring and produce a datectable effect at
v the sensor as shown schematically in figure 4.1. ‘ '
These flalds inciude:
1. Electromagnetic radiation
a. ELF (extremaly low froquency)
b. Radio frequancy
¢, Microwave
d. Infrared
8. Visible light
f. X-rays
2, 8ound
3. Surface gravily waves
4. Internal gravity waves
8. Steady slactric field
6. Steady magnetic fiaid
7. Field of magnetic particles
8. Flold of surtacy (water) current Indicators

ACTIVE

< SENSQOR

////f A | o

- I

, (UNCLASSIFIED)
B Figure 4.1 (U} Submarine In A Sensor-Generated Field
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41 () VISIBLE LIGHT (U)

(U} As discussed in section 3.2.11. olectromagnetic radiation does not propagnto well through

" sea wgter excapt in the wvisible part of the spectrum and at frequengcies fess than about 1 kHz.

{#) Within the visible spectrum, sea water is most trangparent in the wavelength range of about
450 to 510 nm dapending upon the concentration. type. and gize distribution of particulates
suspended in the water, Light suffers an attenuation in water as a resuit ot sgattaring and absorption
that can be expressed in the form

)
ol e

in which | is the intensity of a beam of monochromatic tight of initial intensity I, after having
traversed a distarice r. For geoan watars, the values of the attenustion coofficient k near the
wavelength of maximum trangmission range from about 0.03 m~' to 0.30 m ', The reflectivily ot the
paints used on submarinas ig about 6%. For angles of incidence of less than 45° with raspect to the
normal. about 97% of the light striking the water surface penatrates the air-water interface; howaver,
as the angle of incidence increases beyond about 60°, the surface reflectivity increases greatly, the
water surface becomes more mirror-like and, as an incidenca angle of 90° is approached. very little
light penetrates the interface. A sensor operating in the visibie portion of the spectrum would be
congtrainad to operate below the cloud base, the altitude of which is quite variabto with
geographical location and season.

The foregoing factors serve to impose the limits of performance on any active davice to bo

used for the direct optical dotection of submarines. That is, because the lateral scan angle is Himited
to about 60" relative to the normal, the sensar gwath width is limited to about 3.5 times the sensor’
altitude, which, in turn, is limited by the cloud bage. which, for the North Atlantic, has a median
aititude of about 1,500 fest for coverage of 50% or more. if one takes 2,000 f¢et as a nominal
operating altitude, the swath width would be about 1.14 nmi and the area search rate would be about
14% greater numerically than the search aireraft speed or about 285 nmit/hr tor a 250-kn aircraft. The
sensor's depth capability is governed largely by the sea water attenuation coefficiant. For
reprosantative ocean waters, it appears that the law of diminishing raturns limils detection depths to
about 100 meters, A simple rule of thumb is that a ten-foid increase nHummator powor yislds an
mcraase i depth capability of about une attenuaticn lsngth (tha reciprocal of the attenuaton doefficient
k). Thus, 1o improve the depth capabifity in sea water &f medwm clarity {@.9..k = Q.087 m-'} from 100
metars to 115 meters {15%) would require a ten-fold wcrease in uminator power. A number of
equipment possibilites exist, including

1. Active line scanner

2. Active range-gated television

3, Optical radar.

4.1 lﬁ) Active Line Scanner ()

(Qf) in the case of the active line scanner, the conjugate image of a small intense light spurce is
scanned repaatedly. by means of a rotating mirror. across the ocean surfuce perpendicufar to the
dirgetion of aircraft travel; torward scan is produced by the forward motion of the aircratt, A receiver,
consisling essentially of a multiplier phototube at the focus of an optical system. 15 scannod in
synchronism with the transmitter. The output of the phototube ts then used to intensity-modulate a
cathode-ray tube {o produce a picture-type display. To reduce the effact ot glare from the ocean
surface, the equipment can be angled to scan about 20' ahead of the arcraft. With a sigmificant
increase in compiexity, a form of range gating can be achieved By having the recaiver’s
nstantanoous field of view trail behind the transmitter spot on the surface.

34
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4.1.2 (Ui Active Range-Gated Yelevision

() Active range-gated teievision systams have been employed on Navy patrof airgraft for

~ nightlime ship ctassification. Such devices lypicaily provide narrow iieids of view and therefore do

nat yviald high search rates. In addition. because cach puise of light from the illuminator must
tluminate the entire sengor Hald af view (rather than a single picture element at a time). a much
larger laser peak power igrequired compared to that for an optical radar.

413 (f Optical Radar (U)

{}.‘) Cptical radars have been developed and investigated tor submarine deteclion singe 1962, In
contrailad experiments involving an optical radar instatied in a helicopter, signais refiacted trom
submarines at keel depths as great as about 60 miters have been detaected in state five seas off Koy
West, Florida, See reference (d).

41.4 (¢) "BLEAGHING” (W)

() One might speculate on the possibility of using a brute forco technique involving a
high-enargy laser that could “hleach’ the sea water by driving all potantial absorbers 10 higher
energy levels. Untfortunately, in all but the clearest ocean waters, the major contributor to the
attenuation is gcattering rather than absorption. Thus, in genaral, the improvement to be gained
wouid be small, .

(p) H son water can be assumed to be & saturablo absorber, the power densities that would be
invalived could be prodigious. Suppose une wanted to birach water aj a wavelength of 450 nm. The
energy of aach photon would be 4,42 x 10 - J. If it is assumad that ane photon must be absorbed by
ane electron per molecule to saturate a one-miillliter sampla of water, the energy of the pulse ot
photons must be 1.48 x 10* J. The sampie would remain transparent for a period equal to a
reiaxation time which might be of the order of 10 " to 10" s, During this brief interval a sacond pulse
could be transmitted along the path of tha first to saek out the target. The task is fraught with
ditficuities, however: for example, for such short relaxation times the path would become absorbing
again helore the reftected pulse could return. The approach doesn't appear too feasible.

4.2 (ﬁ) EXTREMELY LOW FREQUENCY RADIATION ()}

{Z) Active electromagnetic sensors operating at frequencies of fess than about 1 kHz are used
in prospecting for minerals and have been proposed for doetecting submarines. Yhe choice of an
aptimum frequency is dependent upon a number of competing factors: (1) the attenuation
coefficient in sea water is proportional ta the square rgot of fraquancy; (2) the wavelength of the
alactramagnetic radiation in sea water should be small in comparison with the size of a sutinarine if

significant backscattering from the target is to ocour: and (3} the method and rolative ease of

genarating Yho radiation are dependent upon fraguoncy.

{Z) For sea water of conductivity 4 siemenwmaetor. tho spoed of propagatian v of a plano
alactromagnetic wave of frequency f is given by v - 1.8 « 109 # mis, The corrusponding wavalength
A= 1.8 X 101" m gnd the attenuation coefficientk =0.004 ¢ m ', For the undorses wavelangth (o be
lass than ono-fourth the fength of a 125-m long submarine would reguire a frequency greater than
2.8 kHz. If one can tolerate a power 108s no greatsr than 99% on the one~-way trip of tha radiation
down to a 300-moler deep submaring. a frequency of 16 Hz or less s dictated. it appears that the
choice of 4 compromise froquency would be governed by the method of generation of the radiation,

) Twa general methods of generating extromely low fraquenuy (ELF) fivids are considarod:

rotating eluctromagnets carrying steady currents and nonrotating coils carrying time-varying
currents.
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{U) The magnetic induction B proouced at a distance z nlong tho s of a magnelic dipole of
momaent i 15 given by

B - S B

¥

P

in which u, is the permeability constant, The magnetic momaent of an air core coil of N closely spaced
turng gnd area A carrying a surrantiis u = NiA. Far a magnetic dipole to produce a magnetic field at
a distance of 100 m equal to that of the garth {i.e., approximately 0.5 gauss = 0.5 x 10 ** tesia) would
requite a dipote having a moment ’

awBz_ 05 %107 x 107
e TN

=25 x 10"A-m?,

421 () Rotating Superconducting Electromagnat {U)

(%) For purposes of reforence, in 1872 a superconducting magnet of momant 10 A-m? was
developed and flight tested in a CH-53 hohicoptar {or uge in a Navy mingswesping pragraiv. Ses
catorenca (@), From an gxtrapolation of data given in reforence (1), it appaears that a supurconducting
electromagnet could be constructed that would produce a magnetic moment of about 108
ampore-metar? but which would weigh about 400 (b and have a diameter of about & motar.. Ono
might first consider the possibitity of Instaliing such a device in an aircralt and passing a
tima-varying current through it to produce a time-varying magnetic fisid. Howaver, whon anu
considery that the inductive time constant L/IR would be ot tho order of tens of minutes for such a
devive, ong is disgcouraged from trying to energizo it with an alternating curront.

(U} If a superconducting magnet is energized with a direct cufrent, a reamote time-virying
magnetic fiold can be praducod by rotating the coil. Howevaer, the task of installing and rotating a
Hguid-hatium-cooied coil of 6-mater diameter on an aircraft is not to be taken fightly. Smanller
dgiameter coils could be dasignad butl at the expenss ot greater waight; for gxample, 1o achiove the
same magnetic moment of 10* A-m? with 5-m and 4.m diameter colls would inveive wisights of nbout
800 and 1500 ib respactively. Thase weights would include provisions jor dissipating the
considorabie amournt of energy stored in tho magnetic tield in the event the cuil windings
unaxpectedly go out of the superconducting moduo.

{;Zj {n practice. the rotating magnet atight be aitached benaath the search aircraft but peuferably
suparated and shislded from it to reduce the adverse effacty on aircraft instruments and occupanty,
Tho roceiver could ba a maghetometer or magnetic gradiometur instatiod In o second mrcratt or
towad behind the transmitting alreraft,

4.2.2 (g Nonrotating Large Coil (U)

(¢] A second approach toward gonurating ELF tiolds trom an aircratt is to construct a coil of
very large arot by winding a conventional electrical conductor around the aircraft from wingtip to

wingtp to tail, For a P-3 atrerafl, the wing span i8 30.4 ny and the overall langth is 35.6 m. The mngthk

of aach turn ot wirc would be about 87.2 m and the ares of (ho coil that woula result would he
approximately 364 m’. To achieve a magnetic dipdie momant havint a root-mean-square value of
10% A-m? (two orders of magmtude smaitor than that discussed above) would require a total
circulating rms current of 2747 ampere turns. # the cod s canstructad of hare solid coppar wire of
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size AW.G. 0000, which is rated at 325 amperes. an 8.45-turn ¢coil could ba used. lis electrical
resistance. at an assumed temperature of 50-C, would be 0.133 ohm and the power digsipated in it
would be 14 kW, The weight of the copper wire would be 705 kg {1550 ib). To provide some idea of
the rate of falloft of the tield with distance. it should be noted that the ampiitude of the magnetic
induction produced along the axis of this coit would be equal 1o the earth s field at a distance of only
17.8 m trom the aircraft,

) 1t is expected that an active ELF sensor coulu be developed that would yield detection
ranges compuarable to that achiuvable with a passive magnelomeler or magnetic gradiometer.
insofar as detection by this method does not require the submarine to have a magnetic moment nor
even ta be caonstructed of ferromagnetic material but only to have an electrical conductivity
signiticantly differant from that of sea water, it could provide a capability against degaussed steel
and titanium hull submarines that conventional magnetic anomaly detectars ¢~ not atford. In any
case, however, it would not provide the sought-for search rates of 1,500 to 5,000 nmi¥hr.

43 (/as SOUND ()

(¢) One of the most widely expioited techniques Yor detecting and lucalizing submarines
involves the generation of sound by a transducer immersed in the water and the subsequent
detection of the echo of tha. sound refiected off tha submarine. As pointed out previously, sound
propagates wall through both water and air but does not paenetrate well from one to the other.
Accordingly, if one wishes to generate underwater sound from a high speed piatform such as an
airplane or 8 helicopter, one usually bridges the air-water interface with dipping sonars or with
sonobuoys. Constder for the present, however, the possibitity of prajecting sound directly inte the
water from an averflying aircrafl, The reflectance R of sound at the air-cea interface at normal
incidence is given by

Vo =~ iy ¥,

A= -
Po Yo + P Yy

in which g, and p, are the dengities of water and air, respectively, and v, and v, are the velacities ot
s ‘und in water and air. respectively. inserting repregentative MKS values into this equation yields

R = 1.03 x 10* x 1.8 x 107 -~ 12 x 335
T 103 x 100 x 1.5 x 107 + 1.2 x 335

= 0,99948,

That is, oniy 0.082% of the normally Incident sound passes through the interface, Bacause sound

" travels in sea water at a speed about 4.4 times greater than in air, the Index of rafraction of water n;

{for sound) relative to that of air n, is n; = 1/4.4 = 0.227. For sound in air incident on the water
surtace at an angie ¢, relative to the normal. the angte of refraction §, of the sound in water is given
by Snell's law

0y Sin 6 = ny Sin g,
or

sinY; = 44 gind,.
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Because sin #, cannot axceed unity, the maximum value of o, {i . the cntical angle #,) for whigh
sound can enter the water is

1 )
O, = (0))omay = are smn = 13.1°

Sound in air is “totally internally retlected ' back into the air for angles of incidence greater than
13.1%, Thus oniy that ssund that falis within a cone of haif-angie 13.1° {that is. within a solid angle
0l = ntan® 13.1% = 0,171 ster) has some possibility of entering the water, and, from the foregoing, no
more than 0.052% of that can penetrate. If an overwater sound source, such as an aircraft, radiates
acoustic power at a rate of P watts uniformly in ail directions (i.e., over 4z ster], the powar P incident
on the surtaca within this solid angle and passing into tho water will be

P < 0171x:>:“° P = 7.1 x 10~ P watt.

Note that the total amount of acoustic power antaring the water is independent of source altitude.
The sound intensity | in the water directly beiow a 1-W source at an assumed gititude of 1000 m ig

= 52 % 10 x = 4.1 x 10" Wiem?

,_...l._...,W
Ao X 10007 me 10‘c 2

which is above the threshold of hearing (10~ Wicm®) of tHe unaided human ear. if ail of the sound
frorn an aircraft thus incident upon a shallow depth submarine were reflectad back o the surtace
without further loss or spreading, the intensity above the surface wouid be

52 % 107 % 4.1 % 107" = 2,1 x 10~ W/cm?,

Detection of thig low intensity sound against a background of direct path sound of intensity at least
3.7 % 10¢ times greater {i.9.. (5.2 x 10-%"% does not appear promiging tar detocting submarinas. An
easier. but loss desirable, alternative would be to penetrate the intartace only once by using an
airtborne source to produce a rapid succession of sound pulsus having known points of incidence on
tha sea surface and using a passive listening sonobuoy ta receive the returns from the submarine.

{£} The question seeins to reduce to this: How can ona oveércome the acoustic mismatch at the
air-sea interface without mechanically bridging that interface 7 Perhaps the answer is the acoustical
analog of quarter-wavelength thick coatings of intermadiate indux of refraction used so successfully
in optics 10 render surfaces nonreflactive. Another possible answer i8 to produce the sound
indirgctly by zapping the surtace by a puised source of electromagnetic radiation such as an
airborna laser. Water is quite opaque to 10.8-micrometsr radiation from a CO, laser; that is, il
absorbs essentially all the energy within tha first 100 micrometers of depth. A 1-joute laser pulse has
sufficient energy to boil explosively 383 micrograms of water initially at 15°C, thareby progucing a
“bubble” of vapor having a votume of 0.2 cm?. A “click™ of sound is produced at the surface which
¢on be used in an active sonar system in conjunction with a passive liswening sonobuacy. This
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approach suffers severat limitations: first, the efficiency of converting infrared energy to acoustic
energy by this method is only ubout 10 ¢ second. the sound is produced at the very surface and thus
does not propagate wall in water exhibiting typical vertical temperawre gradients,

bt

Y

4.4 (U) SURFACE GRAVITY WAVES

H submarine is a surface gravity wave field which couid be generated by the harmonic motion of a :
= large piston in the water. The motion would not be confined to the surface but, for the deep water 5
cass, woula consist of the mavement of individual fluid particles in vertical circular orbits. The radii -
R of the particle orbits décrease exponentially with depth z as given by

'

§
{Uy Another type of field that could be produced artificially and which cauld interact with a ' %
R« A gt 1

. _ in which A is the amplitude of a wave of wavelength A. Thus surface waves ot 1-m amplitude ang

. 100-m wavelength will be accompanied by particie orbital motion of 8.6-cm dmmeter at a depih of
50 m. Sinze tha period T of ocear waves is rolated to A by the formula T = (2aig)t, where'g is the
acceleration of gravity, the period of orbital motion of the pamc&as in the above example wouid be
8.0 seconds and their orbital speeds would bo about 3.4 cmis. The preserice of a submarinu and/or
its turbuient wake at a depth where these orbital motions are significant will cause a small amount of
scattering the gurface wavos. A stationary submarine would produce a series of waves expanding in
the form of rings over the position of the submaring. These smali amplitude waves would have to be
detected against a background of naturaily ogcurring waves and the artificially generated wave figld,
The snergy investment in a 10 km x 10 km field ot waves of 100-m wavelength and 1-m amplitude
would be of the order of 10" joules. To maintain a 10-km wide field of such waves would a power

. expenditure of the order of 10* watts. This approach does not appear feasible, especiaily for the large i

o area gearch mission, ' %

i

4.5 (U) INTERNAL GRAVITY WAVES

{UJ) The problems associated with the generation and utilization of an internal gravity wave field ,
would be analogous to those discussed above, Coupling the generatar to the medium and detecting b
the scattered internal wavee would probably be more ditficylt in this case.

L2

w,

4.8 (U} STEADY ELECTRIC FIELD

(U} A steady eiectric finld could bo produced by applying a potential ditference between
alectrodes placaed in the water. An intrusion into the feld by a metailic submarine would reduce the
, L resigtance of the path between the electrades. Consider the spscitic Hiustrative example of two large
vertical plane parallel alectrodes. each 100-m by 100 m, separuiud by a distance of 1 km in sea water
of conductivity 4 siemens/m. If a submarine, approximated as a right circular cylinder of infinite
conductivity, length 125 m and diameter 8.4 m, is placed betwean the electrodes. the resistance
between the elactrodes will be reduced by about 0.07%. a value which is fairly independent of the
arientation of the submarine relative (g the tield. If the size of the eiectrodes. andior the distance
betwesen them were to be raduced. larger signals would result but the probability of the submarine's
entering the fleld would be raduced. Perhaps the limiting noise in such a detecting system wouid
arige from random vanations in temperature and salinity of the intervening sea water. The
conductivity of sea water varies with temperature by 2 to 3% per kelvin, the actual amount depending
upon the salinity and the location of the temperature interval. Thus, for the case assumed ahove,

.
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variations of the order of 0.02 to 0.03 K in the temperature of the water betwaen the electrodes wouid
produce noise comparable to the signal from a submarine, This approach may ba marginally teasible
from a technical point of view but it hardly appears atfractive from the oparational viewpoint,
particularly as a iarge area search sensor.

47 (U) STEADY MAGNETIC FIELD

(U} A steady magnetis field could be produced over limited regions of space such as harbors,
channels ang estuarias by means of large current-carrying loops faid an the bottom, circuiating
alactric currents in the water, permanent magnets, and conventional and superconducting
slectromagnets. Effects produced by the submarine may be of two types: a distortion of the
magnetic lield if the submarine is constructed of ferromagnetic material, and motional electric Heids
proguced hy the movement of the submarine (assumad to be an eleatricat conduntor) andior of the
water in the applied magnetic field. Etfects of both types may be detected by magnatometers,
magnetic gradiomaters, or by simply monitoring the electric currents in loops of wire. Orice again,
thesa approaches do not lend thamselves to large area search,

43 () FIELD OF MAGNETIC PARTICLES (U)

(52? If a large numbaer of magnetic particies (eithor magnetized or magnatizabie) could be sown
over large areas of the ocean they would tend to align their magnetic moments {parmanent or
induced) in the direction of the local magnetic field. if the presence of a submarine aiters
signiticantiy the direction of the sarth’s magnetlc flald and if the orientation of the magnetic particios
can be detected ramotely, a potential tachnique for detecting submarines would resuit. if the
magnatic momants and moments of inartia of the panticles are known, then the magnitude of the
iocal magnetic fleld could be determinod by mouasuring the frequency of osciliation of the particies. 1

4.8.1 () Orientation (Field Direction Changes) {U) b

(z‘) Consider first the change in the direction of the earth’s magnetic tieid that could be *
produced by a "standard’’ submarit: of magnetic mament i = 1.4 % 10* A-m* as a function of rango.
Assuma that the subimaring can be represented magnaetically as consisting of N and S poles lying
along the submarine’s longitudinal axis and separated by a distance 2 a = 80 m. The magnetic
induction B, from the submarine along the perpendicular hisector of the line joining the N and §
poies and at a distance s from it is given by

e S ot < 1o e .

L B _ . bO14
Bo~ 4n o7+ a7 ~ (a7 + 1600y ‘098

Consider the best case situation in which the submarin is aligned in an east-west dirsction, Assuma
the horizontal component of earth's magnetic inductionto be 8, = 0.2 x 104 T. Then the maximum
angie 3¢ through which a magnetic compass needia would be deflected by the pressnce ot a
submarine would be 3 = arc tan B,/B, = arctan Mg—dﬁﬁﬁ . It it is assumed that deflections of
as small as 0.1 degres could be sensed. detection couid be accomplighad at a submaringato-
compass-needie range of s = 82 m, In principle, targe numbers of magnetized needles would be
scattered over 4 witde expanse of ocean surface and their orentations sensed remotely, perhaps

by a high-resolution radar of variablie polarization. Only under perfectly calm sea conditions couid
ane expoct all of the neadtes 10 be proparly aligned. In a sea that is pot caim. the orientation of
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any particular compass neadie will be determined mostly by chance and only slightly by the
magnetic torque between the earth’s magnetic fiald and the magnetic moment. Suppose that thera is
a scattering ot the orientations of compass needles over a range of =0.5". 11 0.5" is then taken as the
smaliest angular displacement that can be sensed for an ensemble of needles. the maximum range
to the submarine would then ba only 16 m. The prospects for delecting submarines by this method
do not appoar encouraging,

4.8.2 (&) Oscillation (Field Magnitude Changes) (U)

(¢.() A 'somewhat more promising approach might be to sow the ocean surface with magnetic
particies that would respond o gubmarine-produced changes in the magnitude of the magnetic fleld
rathar than its direction. The fraquency f of smail oscillations of & compass neadie about its center of
mass In the abaencs of friction is

oL JEE

B = 0.5 x 10T, 4 « 7.8 x 10°*A m*" and the moment of inertia t = 4.9 x 10-? kg-m?*, then
f =4.8 Hz, The change in froquency df accnmpanying a change in the magnitude of the magnetic
field dBe would be

L
df-—-——- 'Bt. dBb, = ZBgdBE

For tha condition assumed above and a change dBe = 1 nT {from, for example a "standard’
submarine at a range of 208 m) df = 4.6 x 10-% Hz. Measurement of such a sinall frequency chunge
would raquire an observation time of the order of (df) *. that is, a rather discouraging 6.1 hours.

) To make this approach feasible it would be necassary to usa magnetic particles exhibiting a

much higher ratio of wi than that discussed above (i.e.. 1.6 x 10’ A/kg) as a means of increasing ¢
and df to values that are measurable in reasonable times {i.e.. of the order ¢f one secund). Electrons
and the nuclei of many species of atoms possess magnotic moments; represantative values are
9.27 x 10-* A-m? for a free electron and 1.41 x 10-# A-n." for a hydrogen nucleus (proton). if one
assumes that a proton can be considered as a sofid sphere of unitorm density of radius 1.4 x 10-%m
and mass 1.67 x 10~*" kg, its moment of inertia |, would be

I, = %5 % 1.87 x 10°% x (1.4 x 10" = 1.31 x 10~¥ kg-m*

and its ratio of magnetic moment to moment of inertia would be 1.08 x 103 A/Kkg. its fraguency of
oscillation in the earth’s fioid would bie 3.7 x 10'2 Hz from the tormula applied above ta the case of
the compass needla. Actually, howaver, the gituation is not quite so simple. Bacause the magnetic
momants arise from the spinning of the charged particies about their axes, the particies also possess
mechanical angular momentum. Accordingty. the particles do not simply vibrate (as would a

(U Hure it wow sssumed that the ndedivs are 1.0 em tomg and 0,10 sy in dmmmur and madoe uf Alnwo 5 aveng & dansity of
7.3 gramsscri® and a somanant magaetizatton of 12,500 gauss.
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compags neadle) but rather precess at the Larmor froquency abou! the direction of the extornal
magnatic fiald in a manner analogous to a rotating top in a gravitationat fieid. The frequency of
precession f ig given by

(=928
4n M

in which e is tha alactronic charge. M ig the mass of the particio, B is the external magnetic induction
and g is a tudge factor whoso vaiue depends upon the species of particle. For a proton in a magnetic
field of 0.5 x 10~* tesia

5,585 x 1.6 x 10°* x 0.5 x 10~

f o A % 18T 10 = 2129 Mz.

For a free elactron in the same field,

2.000 x 1.6 x 10~ x 0.5 x 10°¢

f= Ar x5 X 10w

= 1,40 x 10® Nz,
The change in frequency df ancompanying a change dB in the external magnetic fleld is‘
df = - dB
g 9.

For gB = 1 nT, df = 0.043 Hz for a proton in the aarth’s field and d = 28 Hz for o fres ulectron.
Observation times raquired to measure thege fraquency changes would bo of the order of-{df)! or
gbout 24 s and 0.04 3, respectively. Hydrogen nuclei are present in sea water in great abundance:;
unpaired elactrons are present in oxygen molecules in the atmosphere and in paramagnetic salts
dissolved in gea water. Accordingly it is not necessary for the sansor to ganerate a fisid of those
particios. Further digcussion of this topic is deferred to section 6,1.

4.9 #) FIELD OF S8URFACE (WATER) CURRENT INDICATORS (U)

(#) Under certain oceanographic and submarine operating conditions, » moving submarinm can
eilfact and/or attoct focal water surtace currents. If the water surface could be tagged, porhaps by
markers dispensod from an aircraft, it would be possible to detect very smaif changes in surfacy
current produced by a submarine. Surface currents could arigs in a number of ways such as
displacement of watar by the submarina, generation of vortices by control surfaces. turbulenca,
changes in convection patterns, surface gravity waves, turbulent wake coliapse, internal waves,
streaimns of rising bubbles or hot water, and a vertical component of propelisr wash. Techniques such
as using a crop duster aircraft to lay g grid ot sulfur or aluminum powder Or sitply throwing reams ot
mimaograph paper from an airplang have bean tried, Calculations of local surface curronts from the
disptacoment of water by the hull of a 6-kn submarine yield values of about 3 ¢m/s tfor a kes! depth of
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100 ft and 0.03 cai/s for a kesl depth.of 300 ft. Surface culrents of up tn 1.4 cm/s have been calcutated
as resulting from vortices from the negative “litt"" of control surfaces for a 5.5-kn submaring
operating at & keel dopth of 130 feet with a net hydrostatic buovancy of 24 long tons. Such focal
surfage current anomalies move with the submiarine and therefore act for only a short time on a
given ragion of water. Accordingly, seeding techniques such as those mentioned abuve, which
rovoal displacemunts of the surtace water ovar a perlod 6f timo, do not provide a sensitive Indication
of motion. it appears that another mechanism, the effact of surface currants on the slopes of short
surface waves, could provide a much more sensitive indicator {(and ane which dous not roquiro the
use of oxpendables}. This approach is considered in section 5.3.
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5.0 £¢1 “FIEI DS" EXISTING INDEPENOENTLY BUT AFFECTED BY THE SUBMARINE (U}

(9!) in this section are considurad the various types of fields of natural origin and of human
cultural origin which can. in pringiple, interact with a submaring and produce a detectable affect at a
romote sensor &y illustratad schematically in figure 5.1. In some cases. the eftect may be sitaply a
redistribution of the “energy” of the field. In other cases, the “fleld” may ropresent stored enargy
whose release Is triggerod by the presence or passage of a submarine. The “flelds’” considored
hery include:

1. Eloctromagnotic radiation
a. ELF (extromaly low frequency)
b. Suniight
2, Sound
3. Surface grovity waves
4. Stondy maygnetic fleld
5. Bloluminescent or\ganisms
6. Seu animals
7. Ocaan stratification
- 8. Internsi wave tnlds
: 9. Water convection cells
10, Thermal microstructura
11. Surtace flima.

N

(UNCLASSIFIED)
Figure 5.1 (1)) Scattering Of An independently Existing Field By A Submarinoe
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51 (#) ELECTROMAGNETIC RADIATION {U)
8.1.1 (¢) Extremely Low Frequancy ()}

(ﬁ} As discussed in section 4.2, axtremely low fraquency (ELF) radiation can penetrate sea
water 1o considerable depths. The amplituda of a plane elestromagnetic wave as it penatrates 1o a
condustor decroasos 10 a valuo of 1o (37%;) of its initlal vaiue in a distancu d (the “skin depth™)

givan by tha equation
d= ,/_3.‘.
W s

in'which w I8 the angular fraquency of the radiation, and « and u are the conductivity and magnetic
permeoability of the conductor, respectivaly. For sea water, the skin depths corresponding to
fruquencies of 1.0, 10, 100, and 1000 Hz are 252 m, 80 m, 25 m, and 8.0 m, respectively. As discussed
i suction 4.2, another factor influencing the choice of froquaency is the length of the submarine
gompared with the undorsea wavaiangth of tho radlation, If the submarine i3 vquipped with a low
fraquancy antenna (such as a floating wire or a trailing buoy ferrite-ioaded ivop) tor recaiving
long-range ‘communications, the tuned, deployed antenna system will reradiate 50% of the'
clectromagnetic radiation that it intercepts. Thus, the submarine wili act as a very low leve! source ot
radiation when it is irradiated at the fraquancy to which its antanna system is tuned. Thg incident
radiation may be gither man-made or of natural origin. The frequencies ssiocted lor the |
SANGUINE/SEAFARER communlcation system are 45 and 75 Hz. Commercial elactric power
trangmission linus Serve as vast antenna systems emitting radiation at froquencies of 50 and 60 Hz.
Radio broadcast stations are another source of “free” electromagnetic radiation.

5.1.1.1 () Sferics/Whistlers (U)

(¢{ Eloctromagnatic radiations originating from atmospheric elacirical discharges, such as

those accompanying thunderstorms, are known as slorics. Sterics omitted by fightning discharges

- oxhibit a fraquency distribution ranging from a fow hertz to a few gigahertz with tho peak occurring
a1 about 1D kHz and are detectable at ranges ot thousands of miles. Sferics in the audio frequenay
range may propagate aiong the iines of the earth’s magnetic fisid to the conjugate paint in the
opposite hemisphere. Sferics which propagate in this manner are called “whistiors.” The
characteristic drawn-out descending pitch of the whistier is a dispersion effoct owing to the greater
velocity of the higher frequency components of the disturbance. Whistiers can be detectad at
considerable depths in the ocean. Sterlcs in ganeral and whistiers in particular reprusent
electromagnetic radiation that could possibly ba used in a dotection schems invoiving thair
reradiation or scattering by the submarine,

5.1.2 (@ Sunlight (U)

(}Zf) Radiation in the visible part of the spectrun is supplied by the sun at a rate ol several
hundred watts per square meter. By a happy coincidency the radiation from the sun poaks near the
wavelength of greatest transparancy of water (axcept tor frequancies tower than about one
kilohertz.) A portion of tha suniight that entors the water is absorbad and is degraded eventually to
heat; another partion is scattered and some of this lighl comes back out of the water. The presence
of 4 submarine can affoct the magnitude, the spectral distribulion and tho polarization of the
back-scattered light, If 3 given submaring is in clear deap water of low particulate content. Wt may
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appear light ralative ta the dark water: if it is i water of igh particuiate content, it may appear dark
relative 10 & light background. If the submarine is viewad from an angte that is different from the
anhgle from which it is illuminated. the shadow cast by the submarine may be detect1ble as a shaft of
iglative darkness in the body ot the water regardiess ot how weill the spactral reflectivity of the
submarine matches that of the water,

51.21 (Z) Coior Difterences (\)

(9-() Because sea water acts as a Hi'er whose speciral pass bund becomes narrower as the path
langth through it incraasas. the spectral distribution of light retiectad from the submarine will differ
trom that scattered by the water beyand tha submarine. Small diflerences in color ovar & submarine
can be enhanced by differential spectrat filtering and/or by the use of faige-color techniques to
expgand a smail portion of the spectrum (Le., the blue-green portion) to cover the entire visible
spectrum. Electro-optical viewing devices which are now undergoing development show promise of
detucting the very smail contrasts that would be agsociated with a submaring shadow while
possassing adequate dynamic range,

52 (@) ACOUSTIC (U}

(f) The scund (acoustic noise) background of the sea originates from many sources: seismic
disturbancaes, ocean turbuience, breaking crasts of wind driven waves, surface waves, storms, ships,
otf-ghare oil drilling rigs, ccean bottom mining, industrial establishments on shore, marine animais,
failing rain and cracking ice. This quite variable sound field iy usually regarded as a hindrarice in
submarine detection. Howaver, tha intrusion of a submarine into a region of ensonifind sea space

can produce spatial and spectral changes in tha ambiant sound distribution in the torm of ratlections
and shadows,

5.3 (yﬂ SURFACE GRAVITY WAVES (U)

(gf) The cceans possess a tremendous amount of shergy in the {orm of surface gravity waves.
This energy is not limited to the surlace but is prasent alyo in the form of orbital motion of the fluid
particles at depth a8 discussed in saction 4.4.'A submerged submarine can cause a potantiaily
detactable redistribution of a small amount of this natural surface wave gnergy.

-

5.4 Rl MAGNETIC FIELD

(U) A large ferromagnstic body such as a submarine can distort the earth’s magnetic field such
that the rasulting ancmaly appears aa the fiald of a magnetic dipole superimposed on the (relatively)
uniferm fiald of the earth. The considerations of section 3.1.1 apply. '

5.5 (;c’) BIDLUMINESCENCE (U}

() Bloluminescent arganisms are reported to inhabit all parts of the oceans at number
densities varying trony several to several thousand par cubic meter as a function af dapth. time of
day, geographical location and season. Many of the thousands of different species of marine
bisluminascent organiams emit flashes of light whan they are disturbed machanically, The energy of
a vepresenative figsh is of the order of 10 *° joule and its specirat peak corresponds to the
wavelength of maximum transmission through gea water or about 0.48 um. The passage of a
submarine through a field of such creatures can stimulate them to emit light which can be detected
by the human oye with tho possibte aid of a telescope, low light levet television ar image intensifier.
The luthinescent wake from a submanne at a keel dopth 6f 130 feet has bewn detected by the unaided
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oye of an airborne cbserver, {Reference (g)) It has been roported that, in some gases, light trom one
arganism can axcite others to radiata. In this manner, sheats of luminescence can propagate at lugh
speed across the water. (Reference (h)) Thus il is conceivable that a submarine, at @ depth far groater
than that from which the fegble light fram bicluminescent organisms could be deteclabie above the
surfage. could produce local effects that would propagate to tha surface from organism to organism.,
Because of compating 'noise" from the refigction of sunlight and moonlight from the ocean surtace.
this approach seems limsted to use on dark nights.

56 (f) FORAGE FISH (U}

(¢) in cartain gaographical iocations at certain times of the year, types of sea animals such as
anchovies, herring and menhadon oxist in such large populations that they may be considered as
constituting a fisid. it has been observed that the passage of a submerged submarine through a field
of forage tish frightens the fish such that they flee toward the surface ang, in so doing, discharge
cansidurable amount of gas from their air bladders. (Reference (i}) Thase streamy of bubbies have
been detected by active sonar {actuaily a racording fathometer) and, prasumably, could aiso be
detectad by nonacoustic means. There are a numbaer of limitations to this genaral approach;:
howavar. Fitst, the axistence of sufficiently large numbers; of forage tigh is probably limited to the
continental sheives. Second, thegse speciys fead near the surface at night and rosgt in deeper waters
during hours of daylight. (Actually, thase limitations may not be t0o sarious ingotfar as submarines
tend to romain over the continental sheives and to operate nearer the surface at night.) Third, # the
submarine is traveling at high speed, the tsh raceive a greatet advance warning from the greatar -
amount ot noise produced by the submarine and move casually out of its way without releasing air.

57 (@) STRATIFICATION (U)

{¢) The oceans typicaily are stratified in layers characterized by ditferencas in temperatures,
salinity, density, index of refraction, color, flora and fauna. The passage of a submarine through
such stratifiod water can cause local dispiacements of the layers from their equilibvium positinns

and subsequent oscillations about those positions.

5.7.1 (@ Particulate Layers (U)

(¢) The turhulence generated by a submaring can produce a redistribution of small plants and
animals in the wake. These effacts are detectable by a variety of mothods but perhaps optical means
offer the graatest flexibility. Changes in chiorophyll concentration can be monitored by means ot a
flucrometer immersed in the watar or by color changes observable from above the surface. An
optical radar could be used to detect abrupt ditterences in index of refraction and local changes in
population of suspended particies. This general approach seams {imited to smail volume search
rates; i.e., if an airborne optical sansor is used. its depth capabnmy will be smail, if an immarsed
sengor is used. ity aiea cuverage will be smatl,

58 (@} INTERNAL WAVE FIELD (U)

() Density siratified water is capable of supporting internal waves, The simplast case to
consider is one in which a thick {ayer of danslly p’ is resting upon a second thick layer ot greater
density p. it water near the intertace of the two {ayary is vertically displaced periodically from s rest
position at a frequency 1. a train of interfacial waves is produced of wavelength

A= BIE
2al pey
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in which g 1s the acceleration due to gravity, The celarity ¢ of the waves is given by

’.umzl}‘
c.= M ’. rr(p+p')

{Note that for thg special case of an air-water intérlace, p'«<p: and the above oguations reduce to
thoso describing surface gravity waves.) Because the density of one layer may differ from that of the
sacond ty only about 1%, the wavelengths and speeds of propagation of internal waves are only
about 1% and 10%., respectively, of thair surtace counterparts. An internal wave fiold may exist
wheraver/whanever density stratified water exists. A submarine can cause a scattering of internal
waves similar 1o that produced on surtace gravity waves. Generally, the fragquency of naturally
occurring Intarnal waves is very iow and the coupling between them and a submaring is rather weak.
In addition, the detection of a fioid of intarnal waves from an aircraft poses problems mych more
sevure than does the detaction of surface waves: the difficuity is heightened by the nued to detect
small submarine-caused changes in the naturatly occurring internat wave field. This approach does
not appear promising.

59 (@) CONVECTION CELLS (U)

(}Zf) Typically, during hours of sunlight, the upper layer of the occeusn is warmed and, (for.
tomperaturas above 4°C) because of thermat expansion, is less densa than the underiying water,
Thus a condition of vartical stability exists, At night, tho upper layer may lose haat through
convaction and conduction to the {couler) air, through radiation to space and through evaporation,
The surface layer cools, bacomaeg imare densa than the underlying water and becomos vertically
unstable, Viscous forcoes are overcoms and the denser water begins to sink in certain rogions while
warmer subsurface water rises around it to occupy tho vacated rggions, That Is, vertical convection
takes place and continues asg long as sonditions exigt for a net nutward flow of heat. Under calm sea
conditions, convection may occut in the form of a tield ot gells which, at the surface, appear to a
thermal imaging device as closaed irregular poiygons having widths of about 100 meters and which
may penetrate comparable distances into the depths of the water, A completely submerged

submarine can produce local flow flelds and turbulence which may not reach the surface diryctly but’

which can interact with the vartical convection currants to influsnce the 'appedrance” of the surface
pattarns, it the voean surface is choppy it is not likely that a well organized array of convaction colls
will exist. Thus, it appears that this phenomenon is available for axploitation only under very calm
{sea state zero) conditions.

5.10 () THERMAL MICHOSTRUCTURE (U)

(gf} Tho cenan surface exhibits a thermal microstrudturg characterized by temparatia
variations of the order of 0.0M1 to 10 kelvins in the size regime of the order of 1to 107 meters. if the
wrbutent wake of a submarine intersacts the surface {See section 3.2,5). it can reorganize the
thermal microstructare in such a manner that the “"thermal textuee” s changed in the wake without a
net change in average surface temperature. This phenomenon is limited in its ASW applications to
shallow depth submarine operations.

511 (¢ BURFACE FILMS (1)

Thore is an abundanee of fatty acids and asters and fatty alcohols in the osean which con he
adsorbed it tho surface. Many of these substances are made up of long chain molecules having vne
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and which is soluble in water (hydrophitic or water loving) and another gnd which is insoluble n
water (hydrophobi¢ or water fearing). These substances can accumulate on the water with parts of
their motecules boneath the surface and parts above to form a monomoiecular tiim. Thesa molecules
farm a tangled network which immobilizes a thin layer of surtace water. This. in turn, inhibits
near-surface convactive circulation and permits tha aftected surface to cool by evaporation by about
0.5 K. In addition, this film can damp capiilary waves and form a slick, {t conditions are proper for a
submarine o produca surface currents {e.g., from turbutence, vortices or rising bubbles}, the slick
matorial becomas rearranged, that is, compacted it certain areas and ramoved from others, The
region from which the slick is removad will tend 10 rise in temperature above that of the adjacent
water surface and will thersfore be detectabie by thermal imaging equipment.




L

L 2

o

NADC.80228-20

8.0 (8) INTERACTIVE SENSOR- AND SUBMARINE-GENERATED “FIELDS™ (V)

(Z) in this section are considered the various types of fleids that could be produced by sensors
which could \nteract with the fields produced by submarines to yield detectable effacis. See figure
8.1. Fields of the two types are listed in the following two columns.

Sensor-Ganerated Fields Submarine-Generated Frelds
Electromagnaetic Steady magnatic
ELF Time-varying magnetic
AF Steady electric
Microwave Time-varying electric
infrared Stray 50/60/400-Hz electromagnetic - .
Visible Electromagnetic radiation
Ultraviolet QGagecus contaminants (bubbles)
. A-ray P Dissolved contaminants
Steady electric field Keivin wake
Steady magnetic field Turbulent wake
Sound ; Thermal wake
Surface gravity waves Acoustic
Internal gravity waves KNeutron
Fiald of magnetic particles Hydrodynamic pressure
Gravitational

ACTIVE
sStNsoR

INTERVENING

{UNCLASSIFIED)
Figure 6.1 (U) Interaction Of Sensor- And Submarine-Generated Fields
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The foregoing represents 195 combinations of possibie sansor-fisid/isubmarine-field interactions. it
would be both prolhix and nugatory to consider all of these n detail. To render the probliem tractable,
the only sensor-genaraied fialds that will be digcussed hera are the electromagnetic, Of the
submarine-generated fieids. the gravitational, hydrodynamic pressure. and neutron tields will be
considered no further, The resulting truncation of the list of combinations appears justified in an
invegtigation whose uitimate goal 1s a sensor capable of yielding a large area search rate. What is
envisaged is an aircraft/satellitp-borne sensor that will produce a beam of electromagnetic radiation
{of presently unspecified characteristics) that will probe the environment in the vicinity of a
compictely submorged submarine and interact with one or more of the submarine-genarated fiplds
listed to produce detectabie effacts.

6.1 () MAGNETIC FIELD (U)

{U} Steady magnetic fields can be detectod and measured remotely by their interactions with
electromagnetic radiation Rsell or with sources of alectromagnetic radiation. The first obsgervation of
an sffact of a magnetic fieid on slectromagnetic radiation was made by Michael Faraday in 18486,
Faraday discovered that when piana-polarized tight passed through a solid or liquid held baiween
the poles of an electromagnst, the plane of polarization was rotated through an angie that was
proportional to the componerit of the magnaetic field in the direction ot light propagation. in 1896,
Pleter Zaeman established that the wavelength of light emitted by a source was altered when the
source was placed in a magnetic tield. in broader terms, magnete-optical effects can be divided into
two classes: (1) those in which the source of alectromagnetic radiation is acied upon by a magnetic
field. which effacts a change in frequency accompanied by polarization {Zeernan effect) and (2)
those in which the spsed of propagation of electromagnetic radiation and its state of polarization are
modified when the radiation passes through a magnetized medium (Faraday effent).

8.1.1 () Faraday Etfect {U)
B.1.1,1 (U} Vvariation In Speed Of Propagation Of Microwaves

(U) The Faraday effect could be expioited in a numbar of ways. One mathod that has been
proposed utilizes two airgralt traveling atiow altitude along parallel paths ab sut ten miles apart. The
tirst aircraft sends out two microwave beams, one having a fraquency of 30 GMz and the ather 60
GHz, which is derived from the first by frequency doubling. The 60-GHz frequency is seiected to
correspond to the edge of an oxygen motecular absorptian line where the speed of propagation
varies as a function of frequency.

(U} The magnatic fleid of the earth will cause a splitting of the absorption line proportional to
the magnitude of the magnaetic field; if a submarine is prasant, its magnetic field wili contribute to
this line splitting. The nat result is that the time roquired for the 60-GHz radiation to travel between
the aircraft is a fusiction of the magnetic field between them whereas for the 30-GMz radiation it is
not, if the 30-GHz radiation is fraquency-doubled in the second airgralt, variations in the phase of
one gsignai ralative to tha other can be measured and retated tw the value of the magnestic fisld
integrated along the line joining the two aircraft. in this manner, submarines can be detected (and
tocalized in one dimansion) by two aircraft. providing a search rate of about 2500 nmi#hr.

{V) 1t appears thatthis approach would be bathered by a number of problems. One problem that
can ve anticipated is that the submarine signal occurs over only a smail portion of the path but noise
i gonerated over the entire ten-mile path between the aircraft. in addition to the usual geormagnetic
and geological noise, there will be noise trem variations in the spacing of the aircraft and from
random variations in the temperature. pressure and water vapor concentration in the intervening
space. A detailed signal and noise analysis of this proposed method should be mads.
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8.1.1.2 () Rotation Of Plane Of Polarization Of Light In Water (U)

(}L() When a beam of linearly polatized light passes through a medium in which 8 magnetic field
exists, its plane of polarization is rotated throgugh an angle « given by

a=VsHcos#

in which « is the angle of ratation {in minutes of arc), s ia the path tength {in cm) through the medium
in which a magnetic field H {in gauss) exists, 8 is the angle between the direction of M and the path of
tho light, and V is the Verdet constant {in min/gauss-cm). Tha vaiue of the Verdst 'constant™ -
depends upon the composition of the medium thraugh which the light is passing, the temparature of
the medium and the wavelength of the light. For atmaspheric air (T = 20°Cyand A ~ 588.3 nm,

vV = 8.83 x 10-* min/gauss -cm; for sea water (T = 20°C and salinity = 3.5%) and A = 5985.6 nm.

V = 0,014 min/gauss-cm. )

(@) A proposed approach ralying on the Faraday consists of measuring the rotation of the plane

of pelarization of a light beam projectad from an gireraft into sea water and back-scuttered to a
receiver in the aircraft. The amount of rotation wilt be proportional to the component of magnetic
field integrated along the path of tha light. If the beam of light passes near a submarine, there wili be
an incremental change in the rotation of the plane of polarization because of the submarine’s
contribution to the magnetic field. '

() This approach appears to suffer a number of waaknesses, For axample, light becomes
depolarized, at least In part, in passing through a scattering medium, this wiil make more difticult (if
not impossiblae) the task of observing incremental variations of the order of one minute of arc in the
amaount of rotation. Another problem is that the amount of rolation will be proportional to the length
of the path that any given portion of the light travels through the sea watar as it is scattered back to
the raceiver, Inhomogeneities in the magnetic field, particuiarly in close proximity to the submarine,
will produce further depslarization of the beam. This approach does not appear to offer any
significant advantages over optical radar but does sutter 3 number of disadvantages.

6.1.1.3 (U) Rotation Of Plane Of Polarization Of Light in Air

(U} Another approach utilizing the Faraday effect combines features of the preceding two.
approaches, Thatis, a beam of plane polarized light is transmitted betweesn two low-aititude aircraft
flying along pacallel paths. and changes in the angie of rotation are ohgervad. if the spacing between
the aircraft is 10 nmi, the amount of rotation from the earth's magnetic field will be of the arder of
wo minutes of arc, and will depend upon factors such as magnetic latitude and direction of
propagation of the beam. The “signal'' from a sybmarine’s magnetic anomaly would amount toa
change in the angle of rotation of about 10* minute of arc. Stabilizatiorvcompenasation of two
airborne platforms to this degree of pracision would be a chalienging task.

6.1.2 (&) Zeeman And Related Effects (U)

(¢) A nymber of techniques have been proposed to exploit phenomana related to the Zeeman
effect, in this case, the sought-for phenomaeana involve the remote measurement of the ‘
magnetic-tield-dependent frequency of amissioniabsorption of electromagnetic radiation fromeby
atoms containing unpaired electrons or atomic nuclei having nonzero magnet moments. A aumber
of approaches have been proposed (o accomplish this.
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8.1.2.1 (¢) Oveshauser Effect {U)

(gf) One method that might be applied to stimutata atomic nuclé: in the vicinity of a submarine to :

emit electromagnatic radiation at a frequency that s proportional {o the focal magnatic tield is based

on the Overhauser effect, in this application a radiotrequency field is applied to the ions of some !

paramagnetic sait dissolvad in the upper layer of the ocean where it is dasired to map the sarth's

magnatic field as a means of locating submarine-inducud aaunsalies in it. The frequency of the
. incident radiation is selected to equal that of etactron spin resonance for the particular
' paramagnetic ions, Some of the energy absorbed by the iong from the rf field is transierred by
calligions to the hydrogen nuciei in the water molecules. Thase nuclei then emit elactromagnatic ;
energy at an audlo frequency which is directly proportional to the local magnastic induction. By
scanning the 1f field {in the spatial domain) one can interrogate a targe area in the vicinity of the
airoraft while, in principle, detecting tha Overhauser rasonance on a suitabie receiver, .
Disadgvantages of this approach are the woakness of the audio fraquency sighal emitted and the H

difficulties in scanning the rf field whose frequency would be in the range of 1 to 100 Mz depending !
a upon which paramagnetic ion is utilized, i

6122 (ﬁ) Two-Photon Interactions (U)
6.1.2.2.7 (Z) Intersecting Beams (U)

{
H
|
(¢’) Another approach that is being investigated involves the use of two intarsecting beams of r
laser radiation whosa region of overiap can be mada to 3can through the space to be interrogated by ‘ )
i synchronous sisering of the two beams. The wavelsngths of the radiation are chosun such that the 1
‘ combined energy of tha photons in the two beams corresponds to some atomic trangition allowed in I
) ona of the constituent gases in thu earth's atmosphare near the gea surface. The power density inthe i
beams must be sufficiently high to render iwo-photon transitions probabie. When the affected atoms |
raturn to lowar energy levels they emit radiation which is **colored” by the magnetic field in that !
small region of space. A portion of this radiation is intercepted by a raceiver and the wavelangths of i
its Zeeman components are measurgd as a means of measuring the magnaetic fieid at the remote ﬂ
location where the radiation was emitted. Basically, this techniyue would permit the remote i
generaticn of light that is "tagged” by the magnetic fieid at the point in space where it originates. ]
{
|
!

6.1.222 (# Common Beam Path (U)

&) Another possibie scanning approach that would eliminale most of the problems of tracking ‘
one laser bearn with another invoives projecting pairs of picnsacond pulses of ditferont wavelength ‘
from a single optical system. Becauge the index of refraction of air is a tunction of wavelength, the z{
second puise of vach pair can be made to overtake and pass thre igh thae first pulge. The distance

from the source gt which the puises interact can bo controiled by adjusting the time interval betweon
the pulses, in this manner ‘magnatically-tagged™ light can be generated wherever desirad in a two-

or three-dimensional ragter and subsequently analyzad to yieid an image of the submarine's
magnetic anomaly,

81223 (;6) Antiparaliel Baam Paths (U)

(¢) Ancther method proposed tor magneto-optic scanning involves projecting a beam of
P continuous wave laser radiation fram uaa sircraft 1o another fiying along a parallel course at a
distance of perhaps 10 nmi. The secoend aircraft transmits 1aser pulses along the beam back to the
tirst arrcraft. Because the position of each pulso is known as a function of time,
J, “wmagnetically-tagged” radiation resuiting from twg-photon transitions can be received and

" ]
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analyzed to determing the magnetic tield atrangth at ait poirts along the tine joining the aircraft. As
the aircraft advance, a two-dimensional image of the intervening magnetic figid is produced.

6.1.3 (}Zﬂ Discussion Of Romote Magnaetic Detection (U)

(}Zf) All of the foregoing methods for detecting magnetic anomalles remotely are highly
spocuiativa; in most cases the principle has not yot baen demonstrated for fieids as weak as that of
the eartn, tat alone anomalies in that flald several orders of magnitude weaker. Onca the principtes
are demonstrated, the nonteivial engineering task of developing a fiyable scanning system would
ramain. On the other hand, bacausa a scanning magnatometer would be atile to senge the
submarine’'s magnetic anomaly atnear the surface of the wator directiy over the submarine, the
singia-look sangitivity requirement could be eased to perhaps 10 gammas; in addition. the
acquisition of many indepandont iooks of the anomaly wouid permit recognition aven if the
singie-taok signai-to-nnise ratio were lass than unity.

6.2 (§) KELVIN WAKE (U)

{Uy A body moving horizontally at constant velocity in deep watar producas a highly organized
and distinctive train of wavas known as the Kelvin wake. The wave pattern produced by a submarine
i simijar to the tamiliar ship wake that was studied by Sir William Thomson in the 1880's,

(£} The Kelvin wake consists of two sets of waves: the transverse wave system and the diverging
wave system, which are contained within a triangular-envelope of vertox angle 2 arc sin ¥ = 38°56°.
See figure 3.2, The wavelength A, of the transverse waves is

in which v is the speed of the boat and g is the acceleration of gravity.
‘(éﬂ According to one formulation (Eckart's Rankine-ovold appruximation} given in refercnce (})
the wave amplitude A over the submarine

vi Dl

A 'g" ""h"j

in which [ is the diameter and h is the depth. According to Reed (:eterefsce (k}},

g
e
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In both cases. a rapid decraase in amplitude with increasing submarine depth is indicated.

Alpng the center line of the Kelvin wake pattern. the wave amplituclas vary inversely as the square
root of distange astern; along the cusp lines. where the transverse and diverging wave patterns
intersaot. the amplitudes vary inversaly as the cubs rgot of distance astern, Yim (reference (1)) has
developed & computational capability that permits taking into account the sail structure in addition
1o the huit.
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(}&() in contrast with many other nonacoustic phenomoena considered for submarine detection,
the Kealvin wake is well understood quantitatively. As a potential means for detecting submarings, the
Kalvin wake possesses a numbor of desirable attributes: {1} it is indifferant to waier stratitication
{whereas certain other techniques being investigated are dependent upon stratification}; (2} it
provides a distinctive geometri¢ paltern covering. perhaps, many hectares: (3) it is relativaly immune
to countermeasures (Possibie countermeasures wouid be smalier, siower and deeper submarines.
and/or oparation at variable velocity to confuse the wake pattern.); (4) Tho Kelvin wake is directly
coupied with the submarine, and the fink from the surface t0 an airborng gansor can also be quite
direct (e.g., radar, optical/photographic, infrared, HF); and (§) it provides a positive surface
indication of the sxact present position, heading, spead and approximate depth of the submerged

submarine,
(%) Previous investigations of the Kelvin wake for submarine detaction wera orianted largely

toward “explaining” the so-called CLINKER effect rather than ag a candidate phonomeanon inits own
right. Whan it was shown that the characteristios of the Kelvin wake did not match those reportad tor
tha CLINKER affect, intarest in the former declined. Provious investigations ware largely
tachnology- rather than phenomenalogy-orianted, Empirical {imits to detaction ware astablished
appropriate to the various detection techniques without any assurance, however, that the particular
sensing and data processing tochniques were optitmum. Brief descriptions of various detection
tachniques are given inthe tollowing sections. ; ,

6.2.1 (£} Optical/Photographic (U)

(@) The specular reflection of suniight has been used for detesting vary small changas In wave
siope (~ 0.2°) associated with Kelvin wakes. Limits of detectability were inferred for gaim sea
conditions which could be expressed in tarms of the following rule of thumb:

Maximum submarine detection depth {ft) == 10x submarine spaed {kn).

8.22 () High-+asolution Radar (U}

(#) A fixed-site, nanscanning radur has buen used to obsaive the ocean surface under which a
submarine had passed. The radar wavalengtin was sot to be Bragg-resonant with the capillary waves
{Acaime ™ 2 Aeamiaries) 1109INQ on the Kolvin waves.

6.2.3 (p) HF Radar {U)

(}Zﬁ) A fixeu-site 2- to 20-MHz radio transmitter was used to iilluminate the sea surface at the
Bragg-resonant froquency corresponding to the Kelvin waves goneratud by a submaring
{1.8., Awe = 2 Aiatyia). The Bragg-resonant frequency

+

- ~~E—
Vg dn v

varies invarsoly as thae square of the submarine’s speed, which may not be known a priori. In addition
thare is an angular dependence. Despite its limitations, this méthod offerg the possibility of
providing over-the-horizon detection of favorably oriented wakes,
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6.2.4 (£} Doppler Radar (U)

Rf) This is sengitive o the speed ol movemont of the Kelvin wava pattern which, in'turn, is equ al
to the spesd of the submarine ganerating it.

6.2.5 (# Passive Infrared Imaging (U)

{;é) For large angles relative to the normal, the emissivity of the sea surface is strongly
dapeandant upon the angile at ‘which it is viewed. Therefore, devices such as an infrared line scanner
and a FLIR (forward lovking infrared) are abie to detact Kelvin wakes Irom high-speed,
shallow-depth submarines.

8.2.6 (Z) Browster Angle Imaging (U)

(&) Whan light is incident at an angle 6, on a smooth dielectric surfac. of relative index of
refraction n, the retiected light Is complatoly plane polarized perpendicular to the piane of incidence
i

4, = arc tan n (Brewster's angle).

For water at 20"C and light of wavelength 589.3 nm, n = 1,33299 and 4, = 53.12%", If a perfectly
smooth sea surface ware illurninated at this ang'e and the reflected light passed through a crossed
polarizer, no iight would be tranamitted: howevaer, if the slope of the surfuce were to be modified
gtightly by the prosence ot Keivin waves, the reflected light wouid ba partiaily unpolarized and 3
portion would pass through the crossed polarizer. By manitoring the amount of light transmitted,
one could infor wave slopes. Altarnatively, because the index of refraction of water is a function of
wavelength, one could illuminate the surtace at/near Brawstor's angly with light of several ditferent
wavelongths and observe color changes in thi :tgm transmitted through the crossed potarizer as a
function of wave slope.

6.2.7 () Qiscussion Of Kelvin Wake Lietection (L)

{2y From the toregoing, it is seen that Kelvin wakes passess many attributes that could
contribute toward their dotaction and recognition. Yet, it sgema that in the work done o date,
concentration was Hmitad 1o one attribute at a time, It is suggested that i all of the information
available trom observation of a Kelvin waite wera 10 be accopted, processed and uthized in a

-compasite sensor, a useful dutecting means would rasult.

83 () GASEOUS CONTAMINANTS (U)

{$) In section 3.1.5, the production of gaseous contaminants by a submarine was considerad.
One extreme case was assumed in which ali of tha waste hydrogan gas dissolved in the water and
detection was achieved by in-situ ¢lectrogchemical sensurs. Now we will consider an opposite
extreme case in which all of the gas is pssumed to rigein the form gf bubbles without dissolving, and
detaction is achisved remotely by iluminating the upper ocean layer {perhaps 10-m thick) and
raceiving the light back-scattered from the lield of bubbles. (Actually. as a bubble rises, hy:frogen
dissolves in tha water and is partially rapiaced by nitrogen and oxygen, which come out of soiution
A bubble that eventually reaches the surface may be over 90% nitrogen and oxygen.)

{%) Assumae that hydrogen gas is producad by a 10-kn submaring at a rate of 2 /s (STP) and that
alt of it riges to the surface in the form of bubbles of -om aquivalont spherical diameter which are
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gpread out Iaterally by turbulence over one su bmarine diameter of 8.4 m. The rate at which bubbles
roach the surface will be 3820 bubblasisecond. if the bubblas are distribuied unitormiy along the
iength and width of the submarine’s trac k. thars will be 88.3 bubbles por square meter and tha mean
horizontal component of area nccupied per bubble will bo 13 cm :

y Tha reflectivity p of the hydrogen-watar interface can be calculated from Fre:  I's formula,
For normal incidence and indices of refraction n, = 1.000 and n, = 1.333,

o= () = (3 w) - oo

To establish an upper limit for signat strength, assume initlally that each bubble can be
approximated as a horizontal disc of 1-cm diamoter. Then the fraction of the normally incident light
that wou'd bo reflected from a beam whose cross-section |s large in comparison with the space

betwean bubtiblies would be

88.3 bubbles/m? x 7 x {0.5 x 10~ m¥/bubble x 0.020 = 1.39 x 1074

On tho other hand, it the bubbles behave as spheres, the incldent fight will be refiected and refractad
aver a wide distribution of angies and only small portions of the area of the bubble (at the top and at
the bottom) will be effective In reflecting light into a recelver. The area S of ‘a bubblo of radius R
whieh is capable of reflacting parallel rays of fight Into a raceiver of apertura dliameter D at a distanio
r from the buhble is

D2R!  DiRF

Smm‘);ﬁw torr < R
Forr = 100.m -~ 10* cm, R = 0.5 cm, and D = 30 cm,
302 x 0.5° "
8 =108 = 5,6 x 10~" cm?*,

Thatis. onlya tihy glint of light will ba detocted from the top of the bubbla. In addition, a similar glint
will bo produced from the bottom of the bubbie. Thus. for a representative case. the fraction of the
tight from a besm whose cross-section is large in comparison with the space between hubbles wili

be

B8.3 bubblesim? x 2 x 5.6 x 10-"" m¥bubble x 0.020 = 2.0 x 10 Y,

(S) The toregoing two examples represent upper and lower axtremes of otfective reﬂemivi'ty of
an assumed bubble fleld. (The possibility of total internal retlaction at the water-gas interfaces has
been considered; it appears uniikely, however, that this would bo a significant factor for the case of
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widely spaced spharical bubbles and a co-jocatod light source and receiver.) An intermediale
sityation of nonspherncal bubbles appoars mors raglistie. in practice, bubbles tess than 1 mm in
diameter are sphorical. Larger bubbles are more eilipsoidal and fiattened, asauming the stiapa of
“spherical caps” resembling the top third of a sphere. (Sea reference (m).) Bubbles having an
aquivatent spherical diamatar of about 1 cm assume a lumpy, raisin shape; bubbles of this type
ratiact light along their sharply curved ridge inas from areas signiticantly Jarger than thase of
perfect spheres. it appears that, for reasonably clear water, a sufficiently large return shouid be
possiblo to permit detection of shallow bubbie fiolds at reasonably high search rates. .
Countermeasures that could be applied by submarines equipped with electrolytic oxygen genarators
inciude (1) intermitient, rather than continuous use of the generator and (2) operation at depths

- great engugh that the hubbiles dissolve betore reaching the upper surface layer of the ocean,

6.4 (£) TURBULENT WAKE (U)

(¢) In section 3.2.5, the passive detection of the surface expression of a submarine's turbulent
wake was discussed. it was polnted out that the technique was imited to submaring depths of about
20 m. Now we will consider the possibility of detecting turbulant wakes existing in the body of the
watsr by remeote optical means. Two cases will be discussed: (1) the redistribution of normally
axisting populations of light scatterers in the water, and (2} the Doppler shifting/broadening ot !aser
radlatior: backscatterad from the turbutont watar in the wake,

6.4.1 (f) Redistribution Of Light Scatterars (U)

(gf) In the firat caga it is assumad that wall defined layers of light scatterers exist at depths that
can be probed with a lnsar radar (l.e., about 100 m or lesg) and that the submarine ig traveling ata
depth within about 20 m of one of these layers. The action of the submarine-generated turbulence is
to raise a trait of “dust” analogous to that produced by a vehicle moving along a dusty road. Because
the turbulent motion of the water may persist for several hours, such a trail may be detectable tor
sevaral tens of miles. This approach Is imited to lairly shailow submarine depths.

642 (@) Turbulence-Induced Doppler Effect (1)
(§) tn the sec: nd case, it is assumaed that spatially and/or temporally coherent laser radiation

can be projected down through the body of the water to where a submatine’s turbutent wake exists.
Some of the incident light will be reflected off scattering particles in the turbulent water and/or off

moving water cells of ditfarant temperature-refatad indices of refraction. Thin retiected light, marked -

by a mixture of upward and downward shifts in frequency depending upon the velocities of the
elemantary reflectors, is recoived and mixed with light taken directly from the taser, and beats. in
aither the spatial or temporal domain, arg produced. An analysis of the distribution of beat
frequancies yiatds the distribution of turbutent velocities in the submaring wake which, in general,
would be expected to be ditterent from that of the undisturbed water.

{#) it appears that this mathod will ba limited to very short path langths in the water (i.e.. tens of
meters) and therefore shatlow detection depths for an airborne sensor because of loss of cohierance
of the lager beam as it passes through the irregular alr-watar interface and through the water itself,

8.5 (?) AGOUSTIC FIELD (1)

{U) in section 3.2.10 it was pointed out that a moving submarine is a sound source whose
acqustical power output ranges within a few orders of magnitude of one wait. Equations were given
to permit caleulation of the rms displacement. velocity and acceleration of the waler particies in the
acoustic field and the rins acoustic praswure and density variations in the medium, Ata range of 1 km
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from a 1.0-W point source in a homogeneous. isotropic, lossfess. unbounded medium, the sound
intensity is 80 nW/m?, the rms acoustic pressure is 0.35 Pa, the rms valocity 1s 230 nnvs, the rms
density variation is 180 ug/m? (or 1 part in 6.6 x 10% and (for an assumed frequency of B Hz) the rms
displacemaent is 5.0 nm and the rms acceleration is 8.8 um/s?. In the above, a sea water mean density
of 1030 kg/m? and a sound propagation velocity of 1500 m/s were assumed.

(¢) 01 ali of the foregoing intonsive variables gssociated with a sulbimaring's acoustie tield, only
orie, the acoustic pressure, lends itself readily to measurement, For this reason, must underwster
acoustic sensors in use today are pressura sensing davices. The other quantities arv discouragingly
small; this smalinoss stems from the large bulk modulus of elasticity B {i.0.. low campressibiiity) and
density p, of sea water. The targe product

poc = VB pg = 1.55 x 104 kg/m?-s

appears in the numsrator of the expression for the acoustic pressure but in the denaminaltors of the
oxpressions for displacement, velocity and acceleration of the water particles. It would be very
desirable to develop an airborne remote sensor that could sense pressure variations in the watar
without the nead for a mechanical device to bridge the interface. One possibility is to explcit the
Debys-Sears etfect in whish the alternate regions of compression and rarefaction produced in the
water by the acoustic field act as a diffraction grating with a grating interval aqual to the wavefength
of the acoustic waves. Bacausse the grating interval would be vary large in comparison with the
wavaiength of light, diffrisction effacts wouid be extremely difficult to measure.

(¢) Qthor mothods that have been proposed for sensing acoustic fields remately are based
upon measurement of particle displacement and/or particle vaiocity. Some of the schemaes that have
been proposed are: (1) usae of a microwave or optical radar to sense the acouslic displacement of the
water surface in the vicinity of a submarine; (2) use of a light beam to reasure changes inslope of a
water surface being displaced periodically by an acoustic fleld; (3) use of coherent laser radiation in
a Doppier velocimeter mode to sense particie motion of light scalterers in the body of the water;

{4} use of a beam of mongchromatic fight to detect, by Bragg diffraciion effects, spatially periodic
variations in index of retraction of the water associated with the acoustic fieid; and (5) use of a
magnetometer or a magnotic gradiomater to detect magnetic tields produced by slectric currents
induced from the acoustic wave oscillatory movement of sea water (an elsctrical conductor} in the
earth’s magnetic fleld.

6.5.1 (52.‘) Microwave/Optical Radar {U)

Tha first of these cases may be considerad from two eguivalent points of view: i.e., (1) the path
between the sansor and the sea surfacs may be considerad as one leg of an intarfarometer which

* measures changes in the path length associated with displacement of the sea surface by producing

moving interference fringes. or (2} as a Doppler radar which measuroes the vertical component of
velocily of the watar surface. in the sxample considered eariiar, the rms dispiacement of the water is
only 6.0 nm {about 30 moiecular diamaters) which corresponds to about 1/100 of a wavefength of
visible light ar 1/50 of an interference fringe. To sense such small displacements interfercmetrically
would be a challenging task even under the best of laboratory conditions. (For comparison. the
standard meter is defined to anly the nearest 1/100 of a wavelength of light.,) Te atternpt medsuring
such amall dispiacements of a dynamic sea surface from a moving piatform such as an airplane
would be foily. .

(}Z) One could. in principle, empioy a microwave or optical Doppler radar to sense the
sinusoidally varying velocity of the water surface. The radar return would be frequency moduiated
with sidebands spaced at intervals equal to the fraquencyiies) of the undarwater sound source. For a
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surface rms veiocity v, of 230 nm/s and o radar frequency F of 30 GHz, the frequency swing AF of
the radar return would be

AF = 2¥2um F _ 2VZ x 230 x 10°2 x 30 x 10°
< I % 16°

r

= 8.8 % 10°% bz,

i, as before, an acoustic frequency f = 6 Hz is of interast, the modulation index

AF 6.5 x 10~
= 7« o~ m»émm..

= 1.1 % 109,

if a laser operating ata wavelength & of 550 nm were employed, the fraquancy swing for the same set

of conditions wouid be
«
: e 22w P 2VZv,,  2VE x 230 x 107
-~ AF = o e )fu = 550 % 169 = 1.2Hz
o and the moduiation index would be
o ‘ aF 1.2
o | ‘ﬁaf-eno.z‘ ’
:
- Under the best of conditions, devices to achieve the foregoing would require a fantastic spectral '
é resolution of the order of 10", Once again, the successful application of such a device In a moving :
aircraft over a dynamic ocean surface appears impossibie.
%
" 65.2 (f) Optical Lever (U)
(¢) Another approach that has been proposed for detocting an acoustic fleld in the ocean is to
use a tight beam reftected off ths surface as an optical level to detect small changes in {he siope of
: the water surface. For points on the surface from which the distance to the submaring is large In
- . comparison with the submaring's dapti.. the wavelength of the surface disturbance will be equal
, . approximately to the wavelength of the sound waves in water. For waves of assumed frequency 6 Hz
and rms dlsplucamen: 6.0 nm, the maximum change in stope tan @ of the water surface will he
2r A VEXBOx 10°"m % 63" Ceper
tan g = 1500 e =21 x 10°% s ¢ .
!
‘That i3, & change in angle of only 210 prad is expected. if a very narrow lighi heam were projected
straight down 10 the ucean surface from an aircraft at an altitude of 10,000 m and the position of the
81
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rofiaction recaived at tha aircratt ware monitored. the displacement Ax that woulid be observed
would be

Ax=2x10000m x 21 x 10°®=42x10"m = 4.2 um.

A beam of visible light of wavelength 550 nm that forms a soot of diameter only 4.2 um after traveling
over a path of 20,000 m would have a diverganca angtle ot 210 prad; to produce siuch a narrow beam,
diffraction effects would require a source aperture diameter d of :

o e ———
-y

e

2.44 x 550 x 10 m
d = 5o = 16°% 6390 m.

ey This concept appears unfoasibie for aitborna application without even considering stabilization
requirements and the normal background surface stope variations associated with wind drivon
waves and swell, ) .

6.6 (Z) TIME-VARYING ELECTRIC/MAGNETIC FIELDS (V)

{p() in sactions 3.2.1, 3.2.2 and 3.2.3, several means by which a submarine can produce
timg-varying electric and magnetic flelds were discussed. These included modulation of the galvanic
corrosion currents at frequencies corrosponding to the propellor rotation rate and harmonics
theraof and stray tioids at the submarine’s alectric power fraguencies of 50. 60 andfor 400 Mz, It sea
wator bearing such time-varying fields could e irradiated with eloctromagnetic radiation of
sufficiently high power density that the medium behaves noalinearty, mixing of the
submarine-genarated and oxternaily applied fields would cccur. and sum and difference frequencies
would be produced. if sonie of the radiation is scattered out of the sea it could be detected and
demodulated to yield the submarine-generated signals. A highly monochramatic, high-power

! scanning laser might be used as the radiation source. ’

(525 Nonlinaar effects can also take place in the atmesphere. The Luxemburg offact is a type of
P atrmosphetic cross-modulation that could parhaps enable one to detect ELF radiation from a
) submarine by use of a radlo receiver tunod to the frequency of a powerful transmitter.
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